The role of European brown hare (Lepus Europaeus) as a source of emerging and re-emerging pathogens by Τσοκανά, Κωνσταντίνα Ν.
UNIVERSITY OF THESSALY 





FACULTY OF VETERINARY MEDICINE 




THE ROLE OF EUROPEAN BROWN HARE (LEPUS EUROPAEUS) AS A 
SOURCE OF EMERGING AND RE-EMERGING PATHOGENS 
 
 
A thesis submitted for the degree of Doctor of Philosophy  
Constantina N. Tsokana, DVM, MSc 






Institutional Repository - Library & Information Centre - University of Thessaly





























Institutional Repository - Library & Information Centre - University of Thessaly
07/06/2020 02:56:41 EEST - 137.108.70.13
ii 
 
UNIVERSITY OF THESSALY 
SCHOOL OF HEALTH SCIENCES 
FACULTY OF VETERINARY MEDICINE 
DEPARTMENT OF MICROBIOLOGY AND PARASITOLOGY 
 
THE ROLE OF EUROPEAN BROWN HARE (LEPUS EUROPAEUS) AS A SOURCE OF 
EMERGING AND RE-EMERGING PATHOGENS 
Postgraduate student:  
Constantina N. Tsokana, DVM, MSc 
Supervisor:  
Charalambos Billinis, Professor, Faculty of Veterinary Medicine, University of Thessaly, 
Greece 
Advisory Committee:  
Angeliki Rodi-Burriel, Professor, Department of Nursing, University of Peloponnesus, 
Greece 
Labrini V. Athanasiou, Associate Professor, Faculty of Veterinary Medicine, University 
of Thessaly, Greece 
Examination Committee:  
Charalambos Billinis, Professor, Faculty of Veterinary Medicine, University of Thessaly, 
Greece 
Angeliki Rodi-Burriel, Professor, Department of Nursing, University of Peloponnesus, 
Greece 
Labrini V. Athanasiou, Associate Professor, Faculty of Veterinary Medicine, University 
of Thessaly, Greece 
Zissis Mamuris, Professor, Department of Biochemistry and Bitechnology, University 
of Thessaly, Greece 
Vassiliki Spyrou, Professor, Department of Animal Production, Technological 
Education Institute of Thessaly, Greece 
George Valiakos, Assistant Professor, Faculty of Veterinary Medicine, University of 
Thessaly, Greece 
Menelaos Lefkaditis, Assistant Professor, Faculty of Veterinary Medicine, University of 
Thessaly, Greece 
Institutional Repository - Library & Information Centre - University of Thessaly
07/06/2020 02:56:41 EEST - 137.108.70.13
iii 
 
The research described in this PhD thesis was conducted at the Laboratory of 
Microbiology and Parasitology, Faculty of Veterinary Medicine, University of Thessaly, 
Karditsa, Greece. This research received funding from the European Union (European 
Social Fund – ESF) and Greek national funds through the Operational Program 
"Education and Lifelong Learning" of the National Strategic Reference Framework 
(NSRF) - Research Funding Program: “THALES - University of Thessaly - Interdisciplinary 
investigation and identification of rotaviruses, Bartonella henselae and Leishmania in 










Institutional Repository - Library & Information Centre - University of Thessaly





This PhD thesis was performed at the Laboratory of Microbiology and Parasitology, 
Faculty of Veterinary Medicine, University of Thessaly, Greece, under the supervision 
of Professor Charalambos Billinis. I warmly thank my supervisor, who honored me with 
his trust and supported me virtually and unceasingly. The time he devoted me was 
valuable and instructive both in scientific and personal terms. His advice and guidance 
were decisive. Moreover, I am grateful to him for giving me many opportunities to 
meet, to consult and to work with distinguished scientists from Greece and abroad, to 
travel to new places and to participate in research programs thus enriching my 
knowledge and skills. Finally, I deeply thank him for allowing me and urging me to take 
initiatives, giving me space, time and consumables to carry out the experimental part 
of my thesis and making this "trip" a unique one. 
I would like to express my sincere gratitude to Professor Angeliki Rodi Burriel, member 
of the Advisory Committee, whose contribution was crucial at the beginning of my Ph.D 
thesis, giving me the opportunity to make true my deepest desire. 
I gratefully acknowledge the Associate Professor Labrini Athanasiou, member of the 
Advisory Committee, for her valuable advice and the guidance she provided me, her 
multidimensional support, scientific and psychological, when I really needed it. 
Moreover, for her sincere interest for the progress of my thesis, the personal time she 
devoted to me, and finally for all the knowledge that she gave me generously, from 
conducting diagnostic tests and interpreting the results, to the writing of scientific 
texts. 
I would like to express my appreciation to Professor Periklis Birtsas and Dr. Christos 
Sokos for their important contribution to the collection of European Brown hare 
samples and Dr. Konstantinos Papaspyropoulos for the statistical analysis of the results. 
I especially thank Professor Zissis Mamouris for his significant contribution to the 
phylogenetic analysis of the Leishmania sequences and Professor Vassiliki Spyrou for 
the access she gave me to the fully equipped Laboratory of Infectious Diseases of the 
Department of Animal Production, Technological Education Institute of Thessaly, 
where part of my experiments took place. I am thankful to Professor Georgios Dalekos 
and Professor Efthimia Petinaki for the provision of human samples and the 
veterinarians working in the region of Thessaly, as in the context of the research 
program THALIS, they collected samples from dogs and cats that were included in my 
thesis for the comparison of Leishmania sequences detected in humans, dogs, cats and 
hares in the region of Thessaly.  
I’m grateful to Dr. Alexios Giannakopoulos for his key comments and contribution to 
my thesis regarding the study design, the statistical analysis of the results, their 
Institutional Repository - Library & Information Centre - University of Thessaly
07/06/2020 02:56:41 EEST - 137.108.70.13
2 
 
interpretation and their connection with the ecology of European Brown hare. I thank 
him warmly for his participation in the collection of samples and archiving, for the many 
hours of pleasant and constructive work we spent together and for his sincere and 
selfless interest. Most of all, I thank him because he stood next to me as a very good 
friend and a reliable partner all these years. I am deeply thankful to the Assistant 
Professor George Valiakos as he "introduced" me to the methods of molecular biology 
and through our long discussions, our disagreements, his original ideas and the trips 
we did together, he helped me in his own way to become better and more efficient, 
while guiding me steadily and effectively. Likewise, I would like to thank Dr. Marina 
Sofia, for her sincere interest, advice and our conversations. I also thank Dr. Antonia 
Touloudi for her help in the first steps of the experimental part of my thesis. I would 
like to express my sincere thanks to the PhD candidates and friends of mine, Mr. 
Dimitris Chatzopoulos and Ms Maria Kantere for making me feel member of a team 
while sharing our worries as well as many hours of work in a very friendly and pleasant 
atmosphere in the lab and at the field. 
I would like to express my sincere thanks to Mr. Evaggelos Balatsos, President of the 
Hunting Federation of Thessaly and Southern Sporades, to the foresters and the 
hunters who participated in the collection of samples of European brown hare for their 
cooperation, their interest and their professionalism. 
I also thank my affectionate friends, Kostas, Angeliki, Eviliana, Maria and Irini for their 
unwavering support, their patience when I was very busy, and the help they provided 
to me in every possible way. 
I owe my greatest and deepest thanks to my parents, Nikos and Anna, to my brothers, 
Dimitris and Fanis and my sister, Katerina, who supported my choices and trusted my 
judgment, stood next to me in all the difficulties I faced with much love and 
understanding, advised me and listened to me with patience and interest to talk to 
them about a “different world”. Thank you.  
 
 
Constantina N. Tsokana 





Institutional Repository - Library & Information Centre - University of Thessaly




















“...Ithaka gave you the marvelous journey. 
Without her you would not have set out. 
She has nothing left to give you now. 
  
And if you find her poor, Ithaka won’t have fooled you. 
Wise as you will have become, so full of experience, 
you will have understood by then what these Ithakas mean…” 
 
(C.P. Cavafy, Collected Poems. Translated by Edmund Keeley and Philip Sherrard. 
Edited by George Savidis. Revised Edition. Princeton University Press, 1992) 
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THE EUROPEAN BROWN HARE (LEPUS EUROPAEUS) 
 
Taxonomy and Genetics 
Lepus europaeus belongs to the order Lagomorpha, Family Leporidae, Genus Lepus 
with 31 other hare and jackrabbit species. The taxonomy of the genus Lepus is 
fundamentally difficult to deal with as it is young and rapidly expanding while its open 
grassland habitat becomes widespread through the activity of pastoralists and 
agriculturalists. Coupled with that is their great mobility as hares can travel up to 15km 
in a night and populations may shift hundreds of kilometers if driven by snow or 
drought (Chapman et al., 1990).  
The knowledge of L. europaeus genetic diversity is an important tool for understanding 
the population structure and dynamics of this species under different environmental 
conditions. Although it is quite widespread in Europe, studies related to its population 
structure based on molecular markers are limited.  
A population genetic study based on allozymes, showed that genetic diversity was 
highest in Anatolian hares, intermediate in brown hares from the southern and 
southeastern Balkans and lowest in central European populations. The authors 
suggested that the rich genetic diversity in Anatolian hares might have been a 
consequence of Anatolias biogeographic position due to multiple gene flow from 
neighboring regions and the long-term presence of hares during the last ice age, when 
large parts of more northern latitudes did not provide suitable habitats (Sert et al., 
2005). In another study, allozyme variability of L. europaeus from Greece was 
compared to the existing data of Bulgarian populations. This study showed the 
presence of three alleles at low frequencies in Greek hares, which were not found in 
Bulgarian or any other hare population. On the other hand, some alleles from the 
Bulgarian and other European populations were absent in the Greek hares. Moreover, 
the data analysis revealed increased gene pool diversity in Greek hares and slight gene 
flow between the two neighboring regions. These findings conformed to the hypothesis 
of the existence of a Late Pleistocene refugial population in the southern Balkans 
presenting a few specific nuclear gene pool characteristics, but with little effect on the 
overall genetic differentiation between Greek and Bulgarian hares (Suchentrunk et al., 
2003).  
Institutional Repository - Library & Information Centre - University of Thessaly
07/06/2020 02:56:41 EEST - 137.108.70.13
9 
 
In a recent population genetic study, L. europaeus samples from Greece, Bulgaria, Italy, 
Croatia, Serbia, Poland, Switzerland, Austria, France, Germany, the Netherlands, Spain, 
the United Kingdom, Turkey and Israel were analysed based on mitochondrial DNA 
(mtDNA) indices. The haplotypes detected were partitioned into five 
phylogeographically well-defined major haplogroups. In Bulgaria and north-eastern 
Greece numerous haplotypes of all five haplogroups were present. A large overlap zone 
was identified, and this part of the south-eastern Balkans was defined as the region 
with the highest mtDNA nucleotide diversity. This study suggested that gene flow 
occurred from Anatolia to Europe across the late Pleistocene Bosporus land-bridge 
(Stamatis et al., 2009).  
Previously, Kasapidis et al., 2005 analysed the phylogeographic structure of L. 
europaeus from continental and insular Greece, Bulgaria, Cyprus and northern Israel, 
together with other published sequences from Italy and central Europe based on 
mitochondrial DNA (mtDNA) indices. This study revealed the existence of two distinct 
phylogenetic clades a “west” and an “east” type. Hares from mainland Greece and the 
Greek islands (Lefkada, Naxos, Kythira and Crete) and Bulgaria, Italy, and central Europe 
(i.e., Germany, Austria, Hungary, Serbia, Romania), clustered within “west type”, while 
hares from Bulgaria, the Greek prefectures of eastern Macedonia and Thrace, the 
eastern Aegean islands of Lesvos, Chios, Samos and Rhodes, as well as Cyprus and 
northern Israel clustered within “east type”. These two types formed an overlap zone 
in the area of Thrace and Bulgaria.  
Hare populations from central Greece were studied and specific mtDNA profiles were 
identified which clearly differentiated reared from wild individuals. The mtDNA profiles 
showed extensive haplotype diversity within and among wild populations and proved 
highly indicative for reared hares from past releases which were caught within wild 
populations. This finding suggested the introgression of allochthonous gene pools into 
the native populations (Mamuris et al., 2001). Although prior to 2003, no captive-bred 
central European haplotypes had been detected in wild Greek hares (Mamuris et al., 
2001; Stamatis et al., 2009) analyses based on samples collected after 2003 (Spyrou et 
al., 2013; Stamatis et al., 2007) detected 29 hares with haplotypes matching those of 
previously analysed captive-bred individuals thus providing evidence that some of 
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these hares had survived long enough and/or they had at least one reproductive cycle 
and, thus, transmit their genomes.  
 
Distribution, Population, Habitat 
L. europaeus is probably the most important game animal in Europe throughout its 
historical distribution, including those areas where it has been introduced, being 
widespread and abundant across its geographic range. The current Eurasian 
distribution of L. europaeus extends from northern Spain, to introduced populations in 
the United Kingdom and southern Scandinavia, south to northern portions of the 
Middle East, and has naturally expanded east to Siberia (IUCN, 2008). This species has 
been introduced as a game species extensively to countries including Argentina, 
Australia, Barbados, Brazil, Canada, Chile, Falkland Islands, New Zealand, the United 
Kingdom and the United States (Chapman et al., 1990). 
Decline in the populations of L. europaeus has been experienced in many areas across 
its geographic range in Europe, beginning in the 1960s, in association with the 
intensification of agricultural practices (Smith et al., 2005). There is considerable 
concern over recent declines in Europe, but the populations are not really threatened. 
Hare population densities range from 0.1/ha to 3.4/ha (IUCN, 2008). The decline of this 
species population has garnered its protection under the Bern Convention as an 
Appendix III listing (Vaughan et al., 2003). However, in Norway, Germany, Austria and 
Switzerland, population declines have resulted in country-specific Red Listing as "near 
threatened" or "threatened" (IUCN, 2008).  
 
Ecology, Behavior, Reproduction and Diet  
L. europaeus is a highly adaptable species that can persist in various habitat types. High 
arctic tundra, steppe, agricultural pasture, tropical savanna and desert are all types of 
habitats occupied by hares. A positive association has been found with hare abundance 
and habitat density and diversity. However, the unifying aspect of habitats preferred 
by hares is open country. Some form of cover like shrubs, bushes or even rocks is 
needed for their protection from birds of prey as unlike rabbits, which run to cover for 
protection, hares tend to use cover for shelter by day and run into the open to avoid 
predators when attacked (Smith et al., 2005).  
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This species keeps the so-called home range; individual home ranges vary from 10 to 
300 ha and often overlap on favored feeding areas. Hares usually travel up to 1.8 km in 
search of suitable graze. However, it has been reported that they may travel up to 15 
km in one night whilst feeding (Chapman et al., 1990). They can be found at elevations 
ranging from sea level up to 2.300 m (IUCN, 2008).   
Hares appear to be essentially silent, solitary animals. Though, complex behavioral 
interactions may explain the regulation of population density at levels normally far 
below the carrying capacity of the environment. There is no indication of territorial 
behavior, although a dominance hierarchy between individuals has been demonstrated 
for food (Lindlof, 1978; Monaghan and Metcalfe, 1985). They are mainly open country 
grazers, relying on speed to elude their many enemies. Although largely nocturnal, they 
may start feeding in mid-afternoon in higher latitudes and in the breeding season. 
Feeding takes about a third of a hare’s time, and before entering its “form” for the day 
it backtracks to confuse predators (Chapman et al., 1990).  
Reproductive behavior reaches a peak in spring (Mad March hares) with up to a dozen 
males congregating round a female in oestrus, boxing each other and chasing off rivals. 
Gestation is 41-42 days and reproduction occur year-round. Females give birth to their 
young in open areas, or in a shallow depression in the ground. L. europaeus averages 
three litters/yr but can vary from one to four litters/yr. Leverets remain hidden within 
dense vegetation, and the female visits them in order to nurse them. Nursing takes 
place once or twice a day, in the late evening, and lasts only a few minutes  
(Broekhuizen and Maaskamp, 1980). Approximately three days after birth, leverets 
disperse to separate hiding locations. Leveret litter-mates will regroup for a brief 
suckling bout at a location at precisely defined intervals. Females reach maturity 
around seven to eight months and males at six months (Chapman et al., 1990). Average 
life expectancy for hares  is 1.04 years, with a maximum age span in the wild of 12.5 
years recorded in Poland (Chapman et al., 1990). 
Hares are entirely vegetarian. Many types of grasses, shrubs and forbs can be eaten, 
and most hares are adaptable. The food eaten varies with the habitat; in Europe hares 
feed on agricultural land eating 90% of soft greens, 5.5% woody plants, 2.2% root crops, 
1.7% grain crops and 0.5% forest plants. Lagomorphs are well adapted for obtaining 
the greatest possible value from their food. They produce two types of faecal material: 
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moist pellets and dry pellets. The moist pellets are expelled and then eaten; this is done 
with little or no chewing, and as a result the majority of the food passes through the 
digestive tract twice (coprophagy) (Chapman et al., 1990; IUCN, 2008).  
 
Threats 
 Lagomorphs make up the base of many predator-prey systems. Their intermediate size 
and great abundance put them in a position to support a community of small to 
medium-sized predators. Weasels, foxes, coyotes, cats, civets and many large birds of 
prey are all sustained by lagomorph populations (Chapman et al., 1990). In Europe, it 
has been shown that hare is a common prey for large birds of prey, canids and felids 
which comprise its natural predators (Alves et al., 2008).  Recently, a study conducted 
in Greece showed that L.europaeus comprises one of the most important trophic 
groups in the diet of red foxes as it was consumed significantly more within hunting 
areas (Bakaloudis et al., 2015) while Martes foina rarely exhibits rapacity in the 
European brown hare (Bakaloudis et al., 2012).  
 
EUROPEAN BROWN HARE (LEPUS EUROPAEUS) AS A SOURCE OF SELECTED EMERGING 
AND RE-EMERGING PATHOGENS; A REVIEW 
 
Introduction 
Infectious pathogens of wildlife may affect human health and livestock production 
while wildlife have long been recognized as potential source for emerging infectious 
diseases strongly associated with outbreaks that have serious consequences for animal 
and human health (Chomel et al., 2007; Thompson et al., 2009). The World 
Organization for Animal Health (OIE) defines an emerging disease as “a new infection 
or infestation resulting from the evolution or change of an existing pathogenic agent, a 
known infection or infestation spreading to a new geographic area or population, or a 
previously unrecognized pathogenic agent or disease diagnosed for the first time and 
which has a significant impact on animal or public health.” A known or endemic disease 
is considered to be re-emerging if it shifts its geographical setting, expands its host 
range, or significantly increases its prevalence.  
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The European brown hare is one of the most important game animal species in Europe. 
A decline of its population throughout its range has been noted since the 1960s 
(Posautz et al., 2015) whereas its causes are not fully understood. External factors such 
as climate, feed availability, diseases and predators, internal factors such as 
reproductive rate and ability for adaptation and anthropogenic factors may affect the 
population density of this species (Treml et al., 2007). To address population declines, 
release of captive-bred individuals into the wild has been carried out in several 
European countries. Though, criticisms of wildlife restocking operations concern the 
risk of pathogens introduction in new areas through translocations and the threat 
posed on the integrity of locally adapted genetic diversity (Spyrou et al., 2013). 
European brown hare is considered a susceptible bioindicator of environmental 
changes and its epidemiological importance stems for the fact that it maintains the so-
called home range thus being prone to many infectious diseases of natural nidality 
(Treml et al., 2007). Besides, its short life span makes it an excellent indicator for recent 
pathogen transmission in the area and its intensive contact with vectors such as ticks, 
mosquitoes and sandflies has implicated hare in the epidemiology of vector borne 
diseases such as Leishmaniasis, and Crimean–Congo hemorrhagic fever virus (Dobler et 
al., 2006; Moreno et al., 2014). Apart from common diseases of hares with high impact 
on their mortality such as staphylococcosis, pasteurellosis, pseudotuberculosis and 
European Brown hare Syndrome, hare has been deemed as a source of important 
pathogens such as the agents causing tularaemia, listeriosis, toxoplasmosis, 
leptospirosis and borreliosis posing threat for human health especially when handling 
affected animals (Bartling et al., 2004; Frandölich et al., 2003; Treml et al., 2007, 2003).  
The present review provides an overview of the available information on selected viral, 
bacterial and protozoal emerging and re-emerging pathogens detected in European 
Brown hare.  
 
Viral pathogens  
 
European Brown Hare Syndrome Virus (EBHSV) 
European brown hare syndrome virus (EBHSV), a small (30 to 35 nm) icosahedral, 
nonenveloped and hemagglutinating single-stranded–RNA virus, member of the genus 
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Lagovirus of the family Caliciviridae (International Committee on Taxonomy of Viruses, 
2012) is the causative agent of European brown hare syndrome (EBHS). EBHS was 
diagnosed for the first time in 1980 during an epidemic of a fatal disease causing severe 
liver damage in hares in the island Gotland (Sweden) (Gavier-Widén and Mörner, 1991). 
The etiological agent was originally unknown but assumed to be either an infectious 
agent, most likely a virus, or a toxic chemical. In 1988, viral particles were identified as 
the causative agent by electron microscopy (Alves et al., 2008). Thereafter, the disease 
was reported in many European countries, including the United Kingdom, Poland, 
Switzerland, Sweden, Spain, Denmark, Italy, France, Belgium, Finland, Croatia and 
Greece (Alves et al., 2008; Billinis et al., 2005). Though, retrospective serological studies 
have demonstrated that the virus was present in Europe and other countries since as 
early as 1976 while hunters in Scandinavia knew of the disease in the early 1970s 
(Gavier-Widén and Mörner, 1991).  
Even though oral or nasal transmission occurs, the oral-faecal route seems to be the 
most important one; the virus is shed in faeces of infected animals and it also being 
spread in the droppings of predators that have consumed infected hares resulting in 
the contamination of food and water (Alves et al., 2008; Gavier-Widén and Mörner, 
1991). Besides, EBHSV is highly robust, resisting acid of pH3, and may remain infectious 
for 3–4 months in the field (Alves et al., 2008). Recently it was shown that red foxes fed 
on EBHSV infected hares, may have genetic prints of the virus in their gut contents 
suggesting their potential role in the indirect transmission of the virus (Chiari et al., 
2016). Similarly, the potential role of wolf (Canis lupus) as a EBHSV passive carrier, 
favoring the introduction and spread of the virus among different hare populations has 
been suggested (Di Profio et al., 2018). Humans, insects, and birds can also act as 
vectors but no reservoir hosts have been yet identified (Alves et al., 2008).  
The disease affects the species L. europaeus and L. timidus with a 35–80% mortality 
occurring 48–72 h after infection (Chasey et al., 1992). Morbidity and mortality rates 
are extremely high especially in adult individuals. The disease has not been observed in 
hares younger than 40–50 days while hares 2–3 months of age may contract infection 
but they do not usually develop disease (Paci et al., 2011). Mortality is highest in the 
autumn because of the higher population densities at the end of the breeding season, 
the unfavorable weather conditions and the increased susceptibility of the offsprings 
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following the reduction of the maternal protective antibodies (Drews et al., 2011; 
Scicluna et al., 1994). Hunting practice may also facilitate dissemination of the virus due 
to the increased presence of people and dogs in the natural hare habitat. Moreover, 
natal dispersal rates of hares are significantly higher in hunting areas compared to the 
non-hunting ones which might also contribute to the spread of the virus (Bray et al., 
2007; Drews et al., 2011). 
When a hare population contracts infection for the first time, an initial epidemic peak 
occurs during which, a decline in the hare population may take place. Thereafter, it 
tends to endemicity and in such areas the hare population appears to remain stable as 
most of the hares are immune and mortality rates are low (Alves et al., 2008; Scicluna 
et al., 1994). Newborn hares may have antibodies against EBHSV, indicating that there 
is colostral or transplacental passive transfer of immunity (Gavier-Widén and Mörner, 
1991) while hares that survive infection develop long-lasting, protective immunity 
(Alves et al., 2008). The impact of infection on the hare population is highly dependent 
on the local population density; hare populations can be reduced dramatically following 
EBHS outbreaks when the hare density is low (<8 hares/km2). It has been suggested 
that the mortality can be reduced and attain endemic stability by increasing the host 
density about 15 adults/km2. In such cases, increased transmission and infection of 
hares at a young age (>3 months) subsequently results in the development of 
protective antibodies (Paci et al., 2011).   
EBHS is characterized by rapid progression and death can be sudden, lacking any clinical 
signs. Behavior modifications could be observed frequently such as lack of fear, 
dullness, jumping into the air, circling, staggering, incoordination and convulsion before 
death (Duff et al., 1994). In farmed hares, it is also possible to observe anorexia, apathy 
alternated with excitement, cries and respiratory distress during agony. Chronic or 
subclinical course of the disease characterized by generalized jaundice at the mucosal 
and subcutaneous level has been also suggested in approximately 30–50% of hares 
during an outbreak of the disease. In such cases, the affected hares die after several 
days or finally recover (Alves et al., 2008). The principal findings during necropsy are 
serohemorrhagic liquid at the nostrils, haemorrhages on serosa and mucosa, oedema 
and congestion of tracheal mucosa with foamy haemorrhagic contents, liver 
enlargement, degeneration and decolouration with sharply demarcated and friable 
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lobes, enlargement of the spleen and generalized jaundice and congestion of the 
spleen and kidneys (Alves et al., 2008; Billinis et al., 2005; Duff et al., 1994; Frölich et 
al., 1996).  Hepatic damage has a central pathogenetic role in EBHS (Marcato et al., 
1991) while histological analysis of the liver is characteristic and diagnostic (Gavier-
Widén, 1994).   
Serological studies conducted in different European countries revealed a 
seroprevalence ranging from 0% in Switzerland to approximately 95% in Italy (Chiari et 
al., 2014; Eskens et al., 2000; Frandölich et al., 2003; Frölich et al., 2007, 2003a, 2001, 
1996; Scicluna et al., 1994). At the same time, when using ELISA for the detection of 
EBHSV antigens, the prevalence reported ranged from 1.2% in Switzerland to 7.6% in 
Poland (Frölich et al., 1996). RT-PCR has been also used in previous studies for the 
detection of EBHSV nucleic acid; in Slovakia 18% of the examined hares were EBHSV 
infected while 73% of them were seropositive by ELISA (Frölich et al., 2007). In Finland 
6% and in Greece 87.6% of the examined hares were considered as EBHS cases as they 
were RT-PCR positive and the histopathological findings were compatible with the 
disease (Billinis et al., 2005; Syrjälä et al., 2005).  
Phylogenetic studies suggested that virus dispersion occurred from Sweden to west, 
east and southern Europe (Frölich et al., 2007). However, as already mentioned, EBHSV 
likely emerged in the early 1970s, as suggested by descriptions of hares with lesions 
consistent with the disease in 1976 in England while antibodies against the virus have 
also been found in archived sera, and the virus was detected by PCR in samples 
collected in Sweden before 1980 (Frölich et al., 2007; Le Gall-Reculé et al., 2006; Lopes 
et al., 2014a; Ros Bascuñana et al., 1997).  Recently, phylogenetic analysis revealed that 
a single viral lineage was dominant at the time of EBHSV emergence which spread 
throughout Sweden and evolved in separated genetic subgroups that clustered in 
distinct geographical areas. This lineage persisted until 1989 when it was probably 
replaced by a new lineage that emerged in the mid-1980s. The new lineage included 
Swedish samples from the late 1980s and all the Swedish samples from the 1990s and 
2000s, along with samples from other European countries (Italy, France and Germany). 
This finding was suggestive of an increased fitness which may have enabled the new 
lineage to diffuse over a wider geographic area along with the successful dispersal and 
persistence of this lineage throughout Europe (Lopes et al., 2014a).  
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EBHSV is closely related to the Rabbit Haemorrhagic Disease (RHD) virus with which it 
shares significant similarities in terms of their epidemiology, symptomatology and 
pathology. Though, viral genome sequencing revealed that EBHSV shares a similar 
genomic organization with RHDV, but that the two viruses are distinct. They also differ 
in their evolutionary patterns with a strongest geographical structure for EBHSV (Le 
Gall-Reculé et al., 2006; Lopes et al., 2014a).  
 
Rabbit haemorrhagic disease virus 2 (RHDV2) 
Rabbit haemorrhagic disease virus (RHDV), a non-enveloped single-stranded positive-
sense RNA virus belonging to the genus Lagovirus of the family Caliciviridae, is the 
causative agent of rabbit haemorrhagic disease (RHD), which only affects Oryctolagus 
cuniculus (domestic and wild rabbits). The disease is highly contagious and usually fatal, 
with mortality range of 70–100%. In 2010, a variant of RHDV was detected in France 
during RHD outbreaks in vaccinated rabbits (Le Gall-Reculé et al., 2011). Further studies 
on the variant indicated that it could not have evolved from RHDV but represented a 
new virus, leading to the proposal of the variant as a new lagovirus species, named 
RHDV2 (Le Gall-Reculé et al., 2013, 2011).  This new virus has a unique antigenic profile 
from that of RHDV that it could be considered a distinct serotype. Moreover, longer 
disease duration, variable mortality rates (5–60%) and capacity to infect young rabbits 
(from 10 to 15 days of age) are among the specific and distinguishing characteristics of 
RHDV2 (Le Gall-Reculé et al., 2013; Velarde et al., 2016). The latter has been also 
reported to be rapidly spreading throughout Europe, and has caused significant losses 
in farmed and wild rabbits in France, Italy, Portugal, Spain, Germany, the United 
Kingdom and Australia (Abrantes et al., 2013; Baily et al., 2014; Dalton et al., 2012; Le 
Gall-Reculé et al., 2013, 2011; Puggioni et al., 2013; Velarde et al., 2016; Westcott et 
al., 2014) 
RHDV and EBHSV, are considered strictly species-specific and restricted to Oryctolagus 
(rabbit) and Lepus (hare) genera, respectively (Lavazza et al., 1996). Just one report of 
RHDV in the Iberian hare (Lepus granatensis) exists (Lopes et al., 2014b) while field and 
experimental data recently have demonstrated that in Italy, the eastern cottontail 
(Sylvilagus floridanus) is susceptible to infection with EBHSV, occasionally resulting in 
EBHS-like disease (Lavazza et al., 2015). In contrary, RHDV2 causes fatal hepatitis in 
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European rabbits (Le Gall-Reculé et al., 2011), Cape hares (Lepus capensis 
mediterraneus) (Puggioni et al., 2013), and in Italian hares (Lepus corsicanus) (Camarda 
et al., 2014). Recently, RHDV2 has also been detected in European brown hares (Lepus 
europaeus) in Italy, Spain (Velarde et al., 2016) and Australia (Hall et al., 2017).   
In the outbreak of RHDV2 in Sardinia, a significant number of Cape hares and rabbits 
were concurrently affected by the disease (Puggioni et al., 2013), indicating a quite high 
frequency of infection in Cape hares. In Iberian hare (Lopes et al., 2014b) and in both 
an Italian hare (Camarda et al., 2014) and European Brown hare (Velarde et al., 2016), 
the virus did not cause severe or easily detectable outbreaks, but rather only single, 
sporadic infections. Thus, it was suggested that the level of susceptibility differs among 
the hare species, with Italian hare probably being intermediate susceptible compared 
to Sardinian cape hare and European brown hare (Camarda et al., 2014).  
The two RHDV2 strains detected in European brown hares caused macroscopic and 
microscopic lesions similar to EBHS, and they were genetically related to other RHDV2 
strains in Europe (Velarde et al., 2016). European brown hares likely have been exposed 
to high levels of RHDV2 during outbreaks in rabbits in recent years. The fact that only 
sporadic infections of RHDV2 in European brown hares have been reported probably 
suggests that this species is not a primary host (Velarde et al., 2016) and acts as spillover 
host when infection pressure is high and barriers between rabbits and hares are limited 
(Velarde et al., 2016). The virus spillover to L. europaeus creates further concern as this 
species is more widely distributed thus making possible the wider and more rapid 
spread of RHDV2 and, at the same time, poses serious threat to vulnerable or 
endangered Leporidae species (Hall et al., 2017; Velarde et al., 2016). However, the 
virulence and associated case fatality rate of RHDV2 in L. europaeus compared with O. 
cuniculus, and their susceptibility to infection, has not yet been determined (Camarda 
et al., 2014; Hall et al., 2017; Velarde et al., 2016).  
 
Myxoma Virus (MYXV) 
Myxomatosis is a major viral disease of wild and domestic European rabbits 
(Oryctolagus cuniculus) caused by the Myxoma virus (MYXV), a poxvirus (family 
Poxviridae; subfamily Chordopoxvirinae; genus Leporipoxvirus). MYXV was first isolated 
from a colony of laboratory rabbits in Uruguay in 1898 (MYXOMATOSIS; OIE Terrestrial 
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Manual 2014). The virus was introduced into Australia (1950), continental Europe 
(1952), Great Britain (1953) and Ireland (1954) as a biological control measure for wild 
European rabbits but now it has a worldwide distribution (MYXOMATOSIS; OIE 
Terrestrial Manual 2014) and it is endemic in wild European rabbit populations with the 
potential of spill over into farmed, laboratory and pet rabbits (Fenner and Fantini, 
1999). Sylvilagus brasiliensis (South America) and S. bachmani (California, USA) are its 
natural hosts presenting few clinical signs (Osterhaus, 1994). MYXV is shed in ocular 
and nasal secretions or from skin lesions. However, the virus presence in semen and 
genital secretions has been also suggested. Transmission is made mainly by the bite of 
insects such as mosquitoes, fleas, midges and lice. In Great Britain the rabbit flea 
(Spilopsyllus cuniculi) is the most important vector of the virus while other blood-
sucking insects may play a minor role as vectors in certain circumstances. Direct 
transmission may also occur when rabbits live in close proximity (i.e. in farmed animals) 
(OIE, 2014).  
Two forms of the disease have been reported; the nodular (classical) form and the 
amyxomatous (respiratory) form. Nodular myxomatosis, mainly observed in wild and 
pet rabbits and in small-scale rabbitries, is characterized by florid skin lesions and 
severe immune dysfunction, accompanied by supervening bacterial infections of the 
respiratory tract. The mortality rate fluctuates between 20 and 100%, according to the 
grade of virulence of the viral strain (Grade I to V as determined in laboratory rabbits). 
Secondary bacterial infections (mainly Pasteurella sp. and Bordetella sp.) of the 
conjunctivae, upper respiratory tract, and lungs are common and may be the major 
cause of death in rabbits infected with subacute strains of MYXV. Amyxomatous 
myxomatosis is characterized mainly by respiratory clinical manifestations. However, 
fewer and smaller cutaneous lesions than the nodular type may also occur. The 
amyxomatous form is regarded as more significant for farmed rabbits as direct contact 
is needed for transmission, presumably via respiratory and conjunctival secretions. The 
virulence of amyxomatous viruses appears to depend on the presence of bacterial 
pathogens such as Pasturella multocida (Marlier et al., 2000; OIE, 2014).  
Myxomatosis has been rarely reported in the European brown hare. It appears 
following a protracted course with multiple firm subcutaneous nodular masses at the 
head, back and limbs (Wibbelt and Frolich, 2005). In 1937, wild brown hares in Australia 
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were experimentally inoculated with virulent MYXV from rabbits without inducing overt 
disease (Barlow et al., 2014). Thereafter, a few cases were reported from France 
(Jacotot et al., 1954; Lucas et al., 1953; Magallon and Bazin, 1953) and Ireland (Collins, 
1955; Whitty, 1955). The case reported in Ireland, did not present suggestive lesions of 
myxomatosis but when tissues from this hare were injected to rabbits, the disease was 
replicated thus suggesting that hares may be subclinically infected and probably act as 
carriers of the disease (Collins, 1955). Recently, a confirmed case was reported from 
Great Britain. The hare presented proliferative raised skin lesions at the base of both 
ears and eyes and the mid-lateral aspect of both front and hindlegs. The presence of 
virus particles in the affected skin lesions was confirmed by electron microscopy and 
the presence of the viral DNA was confirmed by PCR and sequencing. Secondary 
cutaneous Staphylococcus aureus infection resulting in toxaemia or septicaemia was 
suggested as the cause of death by the authors (Barlow et al., 2014).  
 
Hare fibroma virus 
Fibromatosis is a disease typical of hares caused by a Leporipoxvirus in the family 
Poxviridae. The virus is antigenically related to the agent of rabbit (Shope) fibroma, 
squirrel fibroma and MYXV as shown by plaque-neutralization and cross-protection 
tests (Fenner, 1965; Leinati et al., 1961; Woodroofe and Fenner, 1965). Agar-gel 
diffusion microprecipitation techiques revealed that hare fibroma virus is antigenically 
more closely related to rabbit fibroma virus than MYXV (Fenner, 1965). Though, a 
considerable degree of cross-protection exists between hare fibroma virus and MYXV; 
rabbits immunized with MYXV are completely refractory to hare fibroma virus whereas 
rabbits immunized with hare fibroma virus develop myxomatosis, but survive infection 
(Woodroofe and Fenner, 1965).  
The disease was first described in European Brown hare in France and Northern Italy in 
1959 (Lafenetre et al., 1960; Leinati et al., 1959). Moreover, nodular skin disease of 
hares reported earlier in Germany which were designated as hare sarcoma, were 
probably fibromatosis (Suckow et al., 2012). Although fibromatosis is considered 
restricted in Europe, dermal tumors with histopathologic similarities to hare 
fibromatosis have been also reported on Cape hares (Lepus capensis) in Kenya (Karstad 
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et al., 1977). In 2001, an outbreak of fibromatosis occurred in farmed hares in Italy 
(Grilli et al., 2003).  
The virus is probably mechanically transmitted by arthropods, but infection can also 
occur by direct contact (Grilli et al., 2003). The presence of skin microlesions or trauma 
is considered to be a predisposing factor. A seasonal occurrence of disease has been 
reported, with the peak incidence in late summer and autumn (Lafenetre et al., 1960; 
Leinati et al., 1959). Morbidity is usually high, but mortality is low. Most adult hares 
spontaneously recover within one to three months (Grilli et al., 2003).  
The disease in hares is characterized by the development of single or multiple 
protruding skin nodules up to 2.5cm in size occurring mostly on the face, eyelids and 
around ears while fibromas on the legs were also reported in the outbreak of 
fibromatosis in Italy (Grilli et al., 2003; Suckow et al., 2012).  The disease is endemic and 
of little significance in hares. Thus, no control measures have been developed. 
However, during re-stocking operations, hares should be free of infection to avoid 
dissemination of the virus (Suckow et al., 2012).  
 
Crimean–Congo hemorrhagic fever virus (CCHFV) 
CCHFV (genus Nairovirus, family Bunyaviridae) is an enveloped single-stranded 
negative sense RNA virus with a tri-segmented genome characterized by a great genetic 
variability with complex evolutionary patterns (Anagnostou and Papa, 2009). The 
recent emergence of CCHFV causing either sporadic human infections or epidemics in 
previously unaffected areas has raised animal and public health concerns (Papa et al., 
2015).  
CCHF has been described over a wide geographic area and it is endemic in focal areas 
in Asia, Europe and Africa. The natural vector and reservoir has been identified as 
Hyalomma spp. ticks, and the geographic distribution of human cases closely mirrors 
the vector distribution. The virus can be also transmitted to humans by direct contact 
with blood or tissues of viremic patients or animals. Nosocomial and intrafamily 
transmission have been reported as well (Aradaib et al., 2010; Papa et al., 2015). CCHFV 
circulates in nature in unnoticed enzootic tick–vertebrate–tick cycles (Spengler et al., 
2016). Thus, a critical transmission rate of CCHFV is reached when adequate density of 
reservoir hosts is established together with the presence and abundance of the tick 
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vectors (Estrada-Peña et al., 2012a; Hartemink et al., 2008).  Respectively, a modelling 
study revealed that the increased abundance of large hosts (e.g. wild and domestic 
ungulates) on which adult ticks feed allowing further amplification through transovarial 
transmission, is the most important factor for increased transmission of CCHFV 
(Estrada-Peña et al., 2012b).  
Clinical disease, characterized by fever and hemorrhagic manifestations, is restricted to 
humans and is fatal in 3%–30% of cases. Though, asymptomatic CCHFV infection has 
been reported in numerous wild and domestic animals (Nalca and Whitehouse, 2007; 
Spengler et al., 2016). Cattle, sheep, goats, horses, pigs, dogs, and chickens are among 
the most investigated domestic animals internationally with cattle (79.1% in 
Afghanistan), sheep (75% in Afghanistan) (Mustafa et al., 2011), goats (66% in Turkey) 
(Tuncer et al., 2014), horses (58.8% in Iraq) (Tantawi et al., 1981) reaching particularly 
high seroprevalence in some areas. Domestic animal species are often implicated in 
CCHFV transmission to humans; sheep have been recognized as very important CCHFV 
reservoirs in certain endemic regions, and have been epidemiologically linked to human 
cases (Haghdoost et al., 2013; Humolli et al., 2010; Papa et al., 2013; Yen et al., 1985). 
Increased IgG seropositivity against CCHFV in livestock often parallels reports of CCHF 
human cases with exposure to livestock (e.g., slaughterers, butchers and farmers) while 
lack of seropositive domestic animals indicates either low-level transmission or absence 
of CCHFV in those geographic areas (i.e. Germany, Italy, the Netherlands, Australia, 
New Zealand) (Spengler et al., 2016).  
Among the wild animals investigated, considerable seroprevalence was reported in 
hares (3%–22%), buffalo (10%–20%), and rhinoceroses (40%–68%). Data on European 
brown hare comes from Russia (20%) and Hungary (6%) (Hoogstraal, 1979; Németh et 
al., 2013). Though, seropositivity has been also reported in L. capensis in Zimbabwe 
(22.6%) and Turkmenistan, Lepus spp in Zimbabwe (14.3%), Bulgaria (3%) and Iran and 
L. saxatilis in Zimbabwe (14.5%) (Hoogstraal, 1979; Shepherd et al., 1987; Spengler et 
al., 2016). Reports of CCHFV isolation from animals are limited to cattle (Kenya and 
Nigeria), goat (Nigeria and Senegal), hedgehog (Nigeria) and European brown hares 
(Crimea). This scarcity of isolates from animals together with the data obtained from 
experimental studies, likely reflect a relatively brief viremic period and difficulty in 
identifying infected animals due to absent or mild clinical disease (Fagbami et al., 1975; 
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Shepherd et al., 1989; Smirnova, 1979) instead of lack of infection in these animals. 
Although some species may serve as direct sources of viral transmission (e.g., viremic 
livestock) the role of hares in the epidemiology of CCHFV stems for the fact that this 
species aid principally in maintaining high levels of CCHFV endemicity (Spengler et al., 
2016).  
 
Hepatitis E virus (HEV) 
Hepatitis E virus is a small non-enveloped single-stranded positive sense RNA virus with 
an icosahedral capsid (Meng, 2010), belonging to the genus Orthohepevirus within the 
family Hepeviridae (Pavio et al., 2015). The genus Orthohepevirus contains four species 
designated as Orthohepevirus A to D. Orthohepevirus A contains seven genotypes (HEV-
1 to HEV-7) and a putative new genotype 8 that can infect humans and/or a wide variety 
of mammals (Smith et al., 2014; Woo et al., 2014) (Lee et al., 2016; Smith et al., 2014; 
Woo et al., 2016). 
HEV-1 and HEV-2 are mainly restricted to humans and have been responsible for large 
waterborne epidemics of hepatitis E. However, several primate species have been also 
shown to be susceptible for HEV-1 and HEV-2 (Pavio et al., 2015; Spahr et al., 2017).  
HEV-3 and HEV-4 have been detected in both, humans and animals, and are the main 
cause of sporadic cases of hepatitis E in many industrialized countries (Pavio et al., 
2015). Domestic pig (Sus scrofa domesticus) and wild boar (Sus scrofa) are considered 
to be the main animal reservoirs for HEV-3 and HEV-4 (Caruso et al., 2017; Johne et al., 
2014). Although deer to human transmission has been reported repeatedly, deer is not 
regarded as a true HEV reservoir as this species probably undergoes spillover infections 
from wild boar (Anheyer-Behmenburg et al., 2017). A distinct subtype of HEV-3 has 
been repeatedly detected in rabbits (Oryctolagus cuniculus) and was recently also 
identified in a few human patients (Abravanel et al., 2017; Spahr et al., 2017).   
Evidence for transmission of HEV-3 and HEV-4 by direct contact of humans with animals 
has been described. Persons with professional exposure to domestic pigs and wild 
boars such as slaughterers, pig farmers, forestry workers, hunters or veterinarians 
exhibit significant higher anti-HEV antibody prevalences than the general population 
(Dremsek et al., 2012; Meng et al., 2002; Pavio et al., 2015; Schielke et al., 2015). 
Moreover, foodborne infections with HEV-3 and HEV-4 due to consumption of 
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undercooked meat and meat products derived from infected pigs, wild boars and deer 
have been repeatedly reported. HEV can be transmitted by milk consumption while 
other types of food like berries and shellfish have been suspected to act as means for 
HEV transmission after contamination with animal faeces (Pavio et al., 2015; Spahr et 
al., 2017).  Transmission of HEV-3 has also been described by parenteral routes due to 
blood tranfusion or organ transplantation (Abravanel et al., 2017; Kamar et al., 2013, 
2008).   
Several studies conducted in European and Asian countries revealed the presence of 
HEV antibodies or HEV RNA in domestic and wild animals including domestic pig (Sus 
scrofa domestica), wild boar (Sus scrofa), red deer (Cervus elaphus), fallow deer (Dama 
dama), roe deer (Capreolus capreolus), sika deer (Cervus nippon) and wild rabbit 
(Oryctolagus cuniculus) (Spahr et al., 2017). Recently, seroprevalence of 2.2% was 
reported in European brown hare in Germany while HEV RNA was not detected in any 
of the samples examined. In the same study, a seroprevalence of 37.3% was observed 
in wild rabbits and 17.1% of the samples were HEV RNA positive. This low 
seroprevalence in hares is indicative of their assumed minor importance in the 
epidemiology of HEV in Germany while the difference between the two species may be 
attributed to their different habitats and biological behaviours; European brown hares 
live in open fields, while wild rabbits live in their own burrows with  increased risk for 
transferring pathogens to each other due to closer social contacts (Hammerschmidt et 
al., 2017). Previous studies in European brown hare in Italy provided no evidence of 




Pestiviruses are enveloped single-stranded RNA viruses of positive polarity that belong 
to the family Flaviviridae. The genus Pestivirus nowadays comprises of four species, 
classical swine fever virus (CSFV), bovine viral diarrhea virus types 1 and 2 (BVDV-1 and 
BVDV-2) and border disease virus (BDV) of sheep as well as several exotic viruses. 
Further molecular characterization of new genus members has led to the proposal of a 
classification with eight pestivirus species which is under discussion by the responsible 
ITCV study group (King et al., 2011; Tautz et al., 2015).  
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Pestiviruses are shed in all body secretions of infected animals. Transmission can occur 
directly by contact between animals or indirectly via contact with infectious secretions, 
contaminated food, or needles while transmission via semen is another important root 
(Chae and Choi, 2002; Meyling et al., 1990). In pregnant animals, all pestiviruses can 
also be transmitted vertically by crossing the placenta and infecting the fetus (Tautz et 
al., 2015). 
Despite considerable efforts such as stamping-out strategies, vaccination and strict 
biosafety measures, pestiviruses continue to cause severe losses thus being among the 
economically most important pathogens of livestock (Lindenbach et al., 2013). Even in 
countries that managed to eradicate a given pestivirus, the risk of reintroduction 
represents a constant threat. The high frequency of transport and trade of animals 
susceptible to pestivirus infection and the specific survival strategies gained during 
evolution such as their ability to establish long-lasting persistent infection in their host 
animals, are among the most important difficulties to control pestiviruses (Lindenbach 
et al., 2013; Tautz et al., 2015).  
Antibodies against BVDV have been detected in a wide range of wild and domesticated 
ruminant and porcine species (Becher et al., 1997; Grant et al., 2015; Scherer et al., 
2001; Van Campen et al., 2001) while persistent infection has been documented in 
sheep, goats, pigs, alpaca, white-tailed deer, eland, mouse deer and American 
mountain goats (Grant et al., 2015).The importance of sympatric wildlife has been 
widely studied (Vilček and Nettleton, 2006) and the necessity for consideration  of wild 
hosts in epidemiological studies of pestiviruses and especially for the implementation 
of eradication plans  has been suggested (Ståhl and Alenius, 2012). Rabbit is the only 
non-artiodactyl animal in which virus could be propagated upon intravenous 
inoculation. More recently, a serological survey in Germany showed that 40% of wild 
rabbits exhibited low neutralizing antibody titres against BVDV (Frölich and Jürgen 
Streich, 1998). However, no virus could be isolated from any rabbit. A recent 
experimental study has demonstrated that rabbits can be infected with BVDV by both 
parenteral and natural routes but shedding of virus was not detected (Bachofen et al., 
2014). Thus, there are indications that rabbits could be a natural wildlife reservoir for 
BVDV and given their abundance in several countries, often living on or near livestock 
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pastures, a BVDV reservoir in rabbits could have significant consequences for BVDV 
eradication campaigns in these countries.  
Recently, a study revealed the presence of neutralizing antibodies against ruminant 
pestiviruses in 36.2% of European brown hares and significant differences between 
BDV-4 and BVDV-1 titres were found in seven hares, suggesting the inclusion of the 
European brown hare as the third free-ranging non-artiodactyls species being 
susceptible to pestivirus infection (Colom-Cadena et al., 2016). However, similarly to 
previous studies from free-ranging lagomorphs, molecular analyses of the sera from 
the European hares did not detect Pestivirus RNA (Colom-Cadena et al., 2016; Frölich 
and Jürgen Streich, 1998). The authors suggested that the high seroprevalence 
observed in that study could be related to a higher pestivirus circulation in the study 
areas as Pyrenean chamois populations of this alpine area show high prevalence of 
antibodies against BDV strongly suggesting a sylvatic cycle and a BDV circulation (Marco 
et al., 2009). Moreover, a high prevalence of antibodies against pestiviruses in cattle 
and sheep has been previously reported in the area which along with the high reported 
densities of domestic ruminants in the alpine pastures represents a chance for virus 





Yersinia pseudotuberculosis (Y. pseudotuberculosis) is a Gram-negative bacillus, non-
spore forming, non-lactose fermenter, facultative anaerobe, catalase-positive and 
oxidase-negative belonging to the family Enterobacteriaceae which is classified into 
serotypes O:1–O:15 and 10 subgroups (O:1a–c, O:2a–c, O:4a–b, and O:5a–b) 
(Bogdanovich et al., 2003). It has a worldwide distribution in humans and wild and 
domestic animals. Y. pseudotuberculosis has been isolated from carnivorous, 
herbivorous and omnivorous animals and it is carried subclinically by a range of animal 
species, including wild mammals, birds and rodents (Najdenski and Speck, 2012). A 
difference in the worldwide distribution of Y. pseudotuberculosis serotypes in humans 
has been observed as the isolates belonging to the O:1a and O:1b serotypes commonly 
cause gastroenteritis in humans in Europe and those belonging to the O:1b, O:2b, O:4b 
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and O:5b serotypes commonly infect humans in the Far East (Fukushima et al., 2001, 
2011; Yoshino et al., 1995). The same holds true for animals; strains O:6–O:14 have 
been only isolated from wild birds and from the environment in the Far East (Fukushima 
et al., 2001). 
Despite its importance in human and animal health as a pathogen and zoonotic agent, 
the epidemiological features of yersiniosis are still under investigation. The principal 
reservoirs of Y. pseudotuberculosis are rodents and birds while hares, common voles 
(Microtus arvalis) and water voles (Arvicola terrestris) are also known to serve as 
reservoirs (Najdenski and Speck, 2012). Recent surveys suggest that pigs are the 
primary reservoir of human pathogenic Yersinia enterocolitica (Y. enterocolitica) and, 
to a lesser extent, of Y. pseudotuberculosis in Europe (Bonardi et al., 2016; 
Vanantwerpen et al., 2014).  
Fecal-oral transmission is the main route of natural Y. pseudotuberculosis infection. Τhe 
agent is found ubiquitously in the environment where it can survive for a long time. The 
environment itself is contaminated from the faeces of infected animals, mainly rodents 
and birds (Najdenski and Speck, 2012). Y. pseudotuberculosis has been isolated from 
fresh water such as river, well, and mountain stream (Fukushima, 1992; Fukushima et 
al., 1995). Ingestion of environmental contaminated substances at pasture or watering 
places and preying upon infected animals are considered important routes of 
transmission (Fratini et al., 2017; Najdenski and Speck, 2012). The contact between 
livestock and wildlife is the most important factor in disease transmission (Bengis et al., 
2002). As for alternative routes of transmission, the role of insect vectors needs further 
elucidation, milk - borne spread is possible in cases of yersinial mastitis, venereal 
transmission through semen is possible, transplacental spread to the fetus has been 
recorded in several species and vertical transmission is also a possibility (Hubbert, 
1972; Najdenski and Speck, 2012). Human infection with Y. pseudotuberculosis and Y. 
enterocolitica is acquired by direct or indirect contact with domestic animals, wild 
animals, birds or consumption of contaminated food and water (Najdenski and Speck, 
2012). 
The disease occurs mainly during winter when animals, particularly free – living species, 
are exposed to cold and starvation. Wet land areas are prone to keep the disease in a 
steady state throughout year. Cold and humid weather, stress, shortage of food supply 
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and endoparasitic infections are considered predisposing factors. Despite its worldwide 
distribution, the disease presents higher prevalence in temperate climates and is more 
frequent in winter (December – March) than summer (Najdenski and Speck, 2012; 
Wibbelt and Frölich, 2005).  
Literature on yersiniosis in animals is scarce and restricted to case reports. The most 
common clinical feature caused by Y. pseudotuberculosis in wild and domestic animals 
is subclinical enteric disease, but abortions in cattle (Hannam, 1993), sheep (Otter, 
1996) and goats (Witte et al., 1985) have been also reported. A septicaemic form, called 
pseudotuberculosis, can occur in lagomorphs, rodents, including laboratory rodents, 
and caged birds (Fratini et al., 2017; Wobeser et al., 2009). Although the term 
pseudotuberculosis is originally referred only to infection with Y. pseudotuberculosis, 
the fact that several strains of Y. enterocolitica can mimic the clinical manifestations of 
pseudotuberculosis in hares, has led to the inclusion of Y. enterocolitica infections in 
the pseudotuberculosis syndrome (Frandölich et al., 2003).   
Pseudotuberculosis is a typical disease of lagomorphs as it is commonly diagnosed in 
hares and it constitutes one of the most important and frequent causes of death in 
hare populations with losses of up to 50% (Frandölich et al., 2003; Wobeser et al., 
2009). It is estimated that every hare will have been exposed to Y. pseudotuberculosis 
at some point during its life time (Frandölich et al., 2003). The course of disease is acute 
to chronic with dyspnoea and diarrhoea. Clinical signs include mild to severe enteritis, 
enlargement of the spleen and various lymph nodes (Frandölich et al., 2003). Post 
mortem examination of infected subjects reveals granulomatous nodules in several 
organs, multifocal caeseous necroses in spleen, liver, intestine and mesenteric lymph 
nodes (Frandölich et al., 2003; Najdenski and Speck, 2012; Wobeser et al., 2009).  
A study performed in Germany on 230 European brown hares revealed a 
seroprevalence of 89.6% for Y. pseudotuberculosis and Y. enterocolitica (Bartling et al., 
2004). In another study, antibodies against Yersinia spp. were found in 55% of European 
brown hares examined. In contrast, studies in other parts of Germany reported 
seroprevalences ranging from 13–17% (Frandölich et al., 2003). It has been proposed 
that this difference may have been attributed to failure to diagnose Y. enterocolitica 
infected animals due to the use of laboratory techniques based on Lipopolysaccharide 
(LPS) antigen and a possible increase of Yersinia infection in European brown hares 
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(Frandölich et al., 2003). Y. pseudotuberculosis was isolated from 13% of hares found 
dead in Schleswig-Holstein, Germany whereas Y. enterocolitica was isolated from only 
4% of these hares (Wuthe et al., 1995). In a study conducted recently in Italy, animal Y. 
pseudotuberculosis isolates were characterized for the O-genotype and the majority of 
hare isolates belonged to O:1a and O:1b serotypes which is common for isolates 
collected from Western European countries. Besides, strains belonging to O:1 serotype 
are the most common cause of yersiniosis in humans, followed by strains belonging to 
the O:2 and O:3 serotypes (Chiesa et al., 1993; Wunderink et al., 2014). However, O:2a 
serotype was also detected in hares and interestingly, serotype O:12–O:13 was found 
in a hare from Northern Italy; this was the first repot of this particular serotype in 
Europe. The introduction of hares from Eastern European countries during 
repopulation or the introduction of stains by migratory birds, were suggested by the 
authors as possible explanations for this finding, highlighting the possible introduction 
of Y. pseudotuberculosis strains in Italy from Far Eastern countries in the past 
(Magistrali et al., 2015).  
 
Brucella spp 
Brucella spp. are facultative intracellular gram-negative cocco-bacilli, non-spore-
forming and non-capsulated. Infections by Brucellae have been found worldwide in a 
great variety of terrestrial domestic and wildlife species as well as a wide variety of 
marine mammals (Godfroid, 2012; Seleem et al., 2010). Nine Brucella species are 
currently recognized; B. abortus, B. melitensis, B. suis, B. ovis, B. canis, B. neotomae, 
and B. microti (Scholz et al., 2008; Verger et al., 1987) affecting terrestrial animals and 
B. ceti and B. pinnipedialis that affect marine mammals (Foster et al., 2007). The 
zoonotic nature of Brucella spp is well known for B. melitensis, the most pathogenic 
and invasive species for human, followed by B. suis, B. abortus and B. canis while the 
zoonotic potential of B. ceti has been also documented (Seleem et al., 2010).  
The consumption of aborted fetuses and fetal membranes or contaminated food is an 
important route of transmission in animals. However, the bacteria may also spread 
through venereal, conjunctival–mucosal and transplacental routes (European Food 
Safety Authority (EFSA), 2009). Regarding Brucella infection in humans, in brucellosis 
endemic regions, infection may be acquired via contact with infected animals or 
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consumption of their products, mostly milk and milk products (e.g. cheese made from 
unpasteurized milk of sheep and goats and rennet from infected lambs and kids). Farm 
workers, veterinarians, ranchers, and meat-packing employees are considered at 
higher risk and brucellosis is referred as an occupational disease for these groups 
(Tabak et al., 2008). Person-to-person transmission occurs rarely. Consequently, as it 
has been shown previously, eradication of the disease from the natural animal 
reservoirs leads to a dramatic decrease in the incidence of human infection (Cook et 
al., 2002; Seleem et al., 2010). 
Brucella infection in wild animals is not always the result of pathogen spillover from 
domestic animals to wildlife but it may represent a sustainable infection in wild animals 
(Godfroid, 2012). The presence of Brucella carriers among wild animals is an 
established fact; hares, wild reindeer, bison and some rodent species carry Brucella spp 
regardless of their prevalence among the main hosts (Zheludkov and Tsirelson, 2010). 
As for hares, this species has been shown to be infected by B. suis biovars 1 and 2 (Fort 
et al., 2012) and along with wild boars (Sus scrofa), hares are an important reservoir of 
B. suis biovar 2 (Godfroid, 2012). Biovar 1 is highly pathogenic and cause severe disease 
in humans while biovar 2 is rarely pathogenic or non-pathogenic to humans and has 
only exceptionally been described as the causative agent of human brucellosis (Paton 
et al., 2001; Teyssou et al., 1989). However, the importance of B. suis biovar 2 stems 
for the fact that it can infect domestic pigs and even cattle (EFSA, 2009). Thus, hares 
and wild boars may serve as a source of infection for free ranging pigs and cattle due 
to cross border and long distance movements through migration of wild boars or live 
animal translocations of hares (Godfroid, 2012; Kreizinger et al., 2014).  Moreover, 
dead hares can apparently be the source of infection for wild and domestic animals and 
birds of prey (Zheludkov and Tsirelson, 2010).  
The role of hares in the dissemination of brucellosis is probably of lesser importance 
than that played by wild boar. Data on the geographical distribution of Brucella 
infection in European brown hare, although limited compared to wild boar, are 
suggestive of a less important prevalence in this species. The species ecology, that is a 
non-migratory way of life and occupation of small home ranges, most probably leads 
to a patchy pattern of the foci of infections and to a reduced interface with other 
wildlife (Godfroid et al., 2013). Occurrence of Brucella in free-ranging hares reflects 
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their previous or current contact with infected wild boars or infected domestic pigs 
(Frandölich et al., 2003). Thereafter, hares can maintain B. suis biovar 2 and infect 
domestic animals (grazing pigs and cows) even in the absence of a wild boar population 
(Godfroid et al., 2005). In fact, between 1929 and 1999, ten clinical outbreaks of B. suis 
biovar 2 in domestic pigs in Denmark, were linked to hares (Godfroid et al., 2013). 
During five Brucella epizootics in pigs in Denmark, approximately 4500 hares were 
examined, and more than 3% were B. suis positive. Interestingly, the areas of epizootics 
among domestic pigs, coincided with the foci of hare brucellosis (Zheludkov and 
Tsirelson, 2010). Hares were also considered as a possible source of B. suis biovar 2 
outbreaks in domestic pigs via swill feeding with offal from hunted infected hares. This 
species has been deemed as the source of B. suis biovar 2 infections in cattle in 
Denmark, since there is no established population of free-ranging wild boar in the area 
(Godfroid et al., 2013). Other outbreaks have been attributed to the introduction of 
infected animals from holdings where the disease had not been detected (EFSA, 2009). 
Hares and rabbits are relatively resistant to B. melitensis infection. Therefore, it seems 
more probable that farm animals acquire infection from hares than the opposite. Such 
cases were reported from Latvia where two B. abortus strains were isolated from 10 
dead hares with postmortem findings indicative of brucellosis (Zheludkov and Tsirelson, 
2010). A study conducted recently, showed that European B. suis strains of hare origin 
were closely related to one another and they did not cluster according to their 
geographic origin. The results of this study were suggestive of cross-border live animal 
translocation and of certain B. suis strains adaptation to hares. European isolates from 
domestic pigs were closely related to isolates of hare and wild boar origin, indicating 
that these species are a source of brucellosis in domestic pigs (Kreizinger et al., 2014) 
Reported seroprevalences in hares range from 0% to 17%. Ιn Lower Austria Brucella sp. 
were detected in 2.7% of hares, with higher rates in the northeastern districts and in 
Styria, Brucella sp. was isolated from 4.5% of European hares (Winkelmayer et al., 
2005). 
The infection in hares is either latent or it is characterized by inflammation and 
abscesses in the reproductive system or miliary abscesses in the lymph nodes, liver, 
spleen, kidneys, urinary bladder, joints and brain (Godfroid et al., 2005; M. Gyuranecz 
et al., 2011; Kreizinger et al., 2014). Brucellosis was reported to be more prevalent in 
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adult hares compared to subadult ones which may be attributed to its chronic nature 
and the spread during reproduction (Treml et al., 2007). In general, it seems that this 
pathogen contributes only little to the overall mortality of hares (Winkelmayer et al., 
2005). 
Natural foci of brucellosis seem to be independent of the hare population density which 
can be hypothetically explained by the so-called small home range and a sufficiently 
low threshold of the disease in this species (Kunst et al., 2001; Pikula et al., 2005). Other 
factors such as climatic factors that influence the survival of the pathogen in the 
environment and the chronicity of the disease may affect the maintenance of natural 
foci of brucellosis (Pikula et al., 2005). The disease may exist in the hare environment 
thus constituting a threat of contracting the pathogen, independently of the hare 
population density, or the territory is brucellosis-free. In the latter case, animal 
translocation due to re-populating efforts in hunting grounds or migration of the wild 
boar, can bring Brucella spp in a brucellosis-free territories (Pikula et al., 2005).  
 
Francisella tularensis  
Francisella tularensis is a Gram-negative, non-motile, non-sporing, aerobic 
coccobacillus (Sjöstedt, 2007) which is divided into four sub species; F. tularensis subsp. 
tularensis (type A strains), F. tularensis subsp.  holarctica (type B strains), F. tularensis 
subsp.  mediasiatica, and F. tularensis subsp. novicida. The sub species F. tularensis 
subsp. tularensis and F. tularensis subsp. holarctica are the main cause of tularaemia 
worldwide (Sjöstedt, 2007). Although a few type A strains have been isolated from 
environmental sources and arthropods in Slovakia and Austria, they are mainly found 
in North America (Chaudhuri et al., 2007). They are considered the most virulent 
strains, classified in the World Health Organization (WHO) Risk Group 3. The infectious 
dose is very low; 10–50 bacteria inhaled or injected intradermally can reliably cause 
disease in humans (Richard and Oppliger, 2015). The causative agent of tularaemia in 
Europe is type B strains (Maurin and Gyuranecz, 2016). These strains are reported 
throughout the northern hemisphere (Sjöstedt, 2007), but isolates have also been 
identified in Tasmania (Jackson et al., 2012). The distribution of F. tularensis subsp. 
mediasiatica is restricted to Central Asia whereas F. tularensis subsp. novicida have 
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been associated with waterborne transmission in Australia and the USA (Gyuranecz, 
2012).  
F. tularensis has a remarkably broad host range and complex epidemiology. Natural F. 
tularensis infection has been reported in a wide range of vertebrates, including 
mammals, birds, amphibians and fish, and in certain invertebrates (Gyuranecz, 2012). 
The disease primarily concerns the genera Lagomorpha and Rodentia. The European 
brown hare (Lepus europaeus) is a common host of tularaemia in Central Europe and 
this species is moderately sensitive to F. tularensis infection. On the other hand, the 
disease occurs frequently in mountain hares (Lepus timidus) in Scandinavia and Russia 
and it is often fatal.  Thus, European brown hare is regarded as a reservoir due to its 
possible capability to maintain the pathogen for a longer period than the mountain 
hare (Gyuranecz et al., 2010). Rodents play an important role in the maintenance of 
enzootic foci in Eurasia while voles are most frequently involved in tularaemia 
epizootics. In fact, the water vole (Arvicola amphibius) and the common vole (Microtus 
arvalis) are highly susceptible to the disease and they may also present chronic 
infection, thereby acting as reservoirs the periods in between the epizootics 
(Gyuranecz, 2012).  Though, since small rodents and lagomorphs often develop fatal 
infections, the existence of alternative unidentified reservoirs such as domestic 
animals, able to transmit the disease to humans, is also possible (Weinberg and Branda, 
2010). Besides, although infection is rare among domestic animals, outbreaks can 
occasionally occur among sheep during lambing season (Gyuranecz et al., 2011). 
Haematophagous arthropods, especially ticks, serve as mechanical as well as biological 
vectors; they enable amplification of the bacteria thus contributing to re – 
transmission, and they maintain the bacterium throughout its multiple life stages 
(Gyuranecz, 2012).  
The two known transmission cycles of tularaemia are the terrestrial and the aquatic 
cycle. In the terrestrial cycle, hares and rodents are the most important mammalian 
hosts contaminating the environment through their body discharges, whereas 
haematophagous arthropods serve as vectors (Gyuranecz, 2012). Other routes of 
transmission that have been described in hares in Europe include aerogenous infection 
(Gyuranecz et al., 2010) and the alimentary route in mountain hares in Scandinavia 
(Mörner et al., 1988). In the aquatic cycle, voles and possibly muskrats and beavers 
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serve as the main host species. Water contamination could be maintained by the faecal 
matter of infected animals, or by infected animal carcasses (Gyuranecz, 2012). 
The major modes of F. tularensis transmission to humans include direct transmission 
from the animal reservoir, arthropod bites, and transmission through contaminated 
water and soil. Human tularaemia cases from aquatic sources are more common and 
often occur as large outbreaks (Maurin and Gyuranecz, 2016). Direct transmission 
through handling the meat and fur of an infected animal, mainly a brown hare, might 
also occur since the bacterium is capable of penetrating healthy skin (Richard and 
Oppliger, 2015). This is the main mode of human infection in Central Europe (Keim et 
al., 2007; Richard and Oppliger, 2015). Ingestion of undercooked meat prepared from 
an infected animal, or animal bites (especially from small rodents, cats, and dogs) 
represent an additional danger (Keim et al., 2007; Richard and Oppliger, 2015). 
Arthropod-borne transmission is common in the USA after a tick bite, a mosquito bite, 
or, rarely, bites from other arthropods (Richard and Oppliger, 2015).  F. tularensis can 
persist for weeks to months in the environment. Thus, inhalation of contaminated dusts 
aerosolized from soil, faecal matter and dead animals, contact or ingestion of 
contaminated water (e.g. drinking water from tanks and wells) are other routes of 
transmission (Maurin and Gyuranecz, 2016; Richard and Oppliger, 2015). 
In a study conducted recently in Hungary, the factors influencing the emergence of 
Tularemia were investigated and the authors suggested that the number of tularemia 
cases in humans was positively associated with the seroprevalence of F. tularensis 
among European brown hares and the population density of common voles (Gyuranecz 
et al., 2012). The high vole population density leads to increased transmission and 
spillover to hares by stress-related aggression, cannibalism and contamination of the 
environment by infectious body discharges. This enhanced transmission and spillover 
may lead to epizootics and the spread of the disease may be further facilitated by the 
bacterial shedding in the urine of the infected hares (Gyuranecz et al., 2012, 2010). It 
becomes clear that the presence of a high number of sources of infection may lead to 
increased human tularaemia cases via the handling and skinning of hares, and, 
potentially, the inhalation of infectious aerosols. Moreover, as rodents and lagomorphs 
are hosts of blood sucking arthropods, a high number of infected hosts may lead to an 
increased number of infected ticks and thereby, increased transmission of the 
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pathogen to humans. Interestingly, the hare population density was negatively 
correlated to the seroprevalence of F. tularensis in hares. Besides, the disease in hares 
is often fatal causing septicemia and death, thus decreasing the population density of 
this species (Gyuranecz et al., 2012, 2010).  
In moderately susceptible species such as the European brown hare, the disease can 
be subacute.  In the late stages of the disease, the clinical manifestations include 
depression, stupor, loss of body weight and lack of fear, facilitating capture. At 
necropsy, numerous, randomly distributed, well - demarcated, greyish - white or 
yellowish - white foci, can be observed most frequently in the lungs, the pericardia and 
the kidneys and sometimes in the testicles, bone marrow and mammary glands 
(Gyuranecz et al., 2010). A recent study revealed that subpopulations of F. tularensis 
subsp. holarctica (clade B.13 and B.FTNF002-00) may be associated with different 
pathologic findings in the European brown hare. In fact, in natural infection with F. 
tularensis subsp. holarctica (clade B.13), the most commonly affected tissues are lung, 
pericardium, and kidney (Gyuranecz et al., 2010). On the other hand, strains of the 
clade B.FTNF002-00 were almost invariably associated with splenitis and hepatitis 
(Origgi and Pilo, 2016). Some authors consider the European brown hare highly 
susceptible to F. tularensis and that marked bacteraemia may be caused by even 
extremely low infectious doses of the bacterium. Thus, infected hares may be an 
important source of infection for blood sucking arthropods and their carcasses and 
excrements may contaminate the environment. A chronic form of the disease has been 
described for those individuals that survive infection being a permanent source of 
infection for other animals sharing the same living space as well as for humans (Treml 
et al., 2007). Hares seroconvert, and potentially they can carry viable bacteria over a 
longer time span and thus serve as a reservoir species (Gyuranecz et al., 2010). 
Previous studies in other European countries showed that the seroprevalence of F. 
tularensis in hares range from 0% (Frandölich et al., 2003) to 7% (Winkelmayer et al., 
2005). In Germany, during 2006-2009, the DNA prevalence of F.tularensis in European 
Brown hare was 1.1%. Importantly, the prevalence was higher for the hares found dead 
compared to the hunted ones (2.9% and 0.7% respectively) suggesting that hares 
became seriously diseased following infection and died (Runge et al., 2011).  
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Toxoplasma gondii is a significant zoonotic obligate intracellular parasite with a 
worldwide distribution that affects humans and warm-blooded animals (Dubey and 
Dubey, 2010). The only known definitive hosts for T. gondii, able to produce and shed 
the environmentally-resistant stage, oocysts, in their feces are the domestic and free-
ranging felids. All warm-blooded animals, including mammals and birds, can act as 
intermediate hosts of T. gondii as the parasite multiplies and encysts in many tissues 
(Dubey and Jones, 2008). The oocysts are shed by felids, the parasite is introduced in 
new areas through migrating animals and it is harbored in the tissues of prey animals 
being able to infect predators and scavengers (Jokelainen, 2012). Climatological 
conditions such as humidity, rainfall and temperature impact the oocyst survival and 
sporulation in localized areas. In fact, a positive and significant correlation of antibody 
prevalence of T. gondii between locations and rainfall has been observed in wildlife 
species in Spain (Gamarra et al., 2008). 
Humans become infected post-natally by ingesting tissue cysts from undercooked 
meat, consuming food or drink water contaminated with oocysts, or by accidentally 
ingesting oocysts from the environment. Consumption of raw or almost raw, dried, 
cured or smoked meat from domestic animals, unpasteurized goat milk or consumption 
of meat from wild animals may be associated with ingestion of the parasite (Bartova 
and Sedlak, 2012). Humans, especially hunters, may also get infected through contact 
with the parasite while dressing game (Dubey and Dubey, 2010; Fernández-Aguilar et 
al., 2013). Frequent contact with animals and soil, such as in the case of abattoir 
workers, garbage handlers and waste pickers was recognized as a factor associated 
with higher T. gondii prevalence (Dubey and Beattie, 1988). Moreover, infection by 
direct contact was reported for children playing with dogs and cats as animals can act 
as mechanical vectors (Etheredge et al., 2004). However, only a small percentage of 
exposed adult humans develop clinical signs of disease and whether the severity of 
toxoplasmosis in immunocompetent hosts is due to the parasite strain, host variability 
or other factors is still under investigation. In fact, recently, attention has been focused 
on genetic variability among T. gondii isolates from apparently healthy and sick hosts 
(Dubey and Jones, 2008).  
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T. gondii can cause disease in various hosts and it is a frequent cause of early embryonic 
death and resorption, fetal death and mummification, abortion, still birth and neonatal 
death in animals. Thus, toxoplasmosis in domestic and farm animals is a disease of great 
importance for veterinary medicine and husbandry since it can cause productive and 
economic losses (Bartova and Sedlak, 2012). Regarding hares, they are considered as 
exceptionally susceptible to primary infection (Gustafsson et al., 1997; Lindsay and 
Dubey, 2014). Fatal toxoplasmosis has been repeatedly described in hares (Christiansen 
and Siim, 1951; Gustafsson et al., 1997) and it is frequently found in hare populations 
(Frölich et al., 2003b). Typically, toxoplasmosis in hares is acute and they are in a normal 
nutritional state (Christiansen and Siim, 1951; Gustafsson et al., 1988). Interstitial 
pneumonia, multifocal areas of hepatocellular necrosis, encephalitis, and moderate 
necrosis of lymphoid follicles of the lymph nodes are the predominant lesions in hares 
in endemic areas (Christiansen and Siim, 1951; Gustafsson, 1997; Gustafsson et al., 
1997).  
It has been suggested that stress or environmental factors like winter and harsh 
climatologic conditions, may trigger acute fatal toxoplasmosis in hares (Sedlák et al., 
2000). Besides, most of the fatal toxoplasmosis cases have been reported from 
Northern countries of Europe, where harsh winter conditions are common. For 
instance, in a study conducted previously in the Czech Republic, all the hares that died  
during the experiment, were kept in outdoor boxes in temperatures below 0 °C (Sedlák 
et al., 2000). In Denmark and Sweden, most of the fatal cases were observed in animals 
sampled during the cold months. However, an outbreak in Japan occurred during the 
warm season (Christiansen and Siim, 1951; Shimizu, 1958). Hares get infected through 
ingestion of food or water contaminated with oocysts from domestic cat or free-
ranging felid feces with which they share the same habitats (Lindsay and Dubey, 2014). 
Infected hares can act as a potential source of T. gondii for other animals, especially for 
carnivores but also for humans (Bártová et al., 2010).  
Experimental infections have demonstrated that toxoplasmosis in hares differs from 
that in rabbits (Oryctolagus cuniculus). In a previous study, postmortem examination 
one week after inoculation with 50 oocysts of a local T. gondii isolate in mountain hares, 
revealed the presence of parasites in the majority of the tissues examined and 
extensive damage. Only minor lesions were observed in rabbits. No differences in the 
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production of antibodies were observed, but the mountain hares seemed to lack a 
proper cellular response (Gustafsson, 1997; Gustafsson and Uggla, 1994). In another 
study, 12 brown hares were inoculated with 10, 1,000, or 10,000 oocysts and all of 
them died, whereas, only two out of the 12 rabbits, suffering from a concurrent 
accidental Pasteurella infection, finally died (Sedlák et al., 2000). T. gondii was isolated 
from liver, brain, spleen, kidney, lung, heart and skeletal muscles (Sedlák et al., 2000).  
The proposed natural, inherent susceptibility of hares to T. gondii is well supported by 
cases of fatal toxoplasmosis, with a concomitant low prevalence of latent chronic or 
subclinical infections (Christiansen and Siim, 1951; Jokelainen et al., 2011). In contrast, 
there are other studies that reported high T. gondii seroprevalence in European brown 
hares (Frölich et al., 2003b), suggesting they can survive T. gondii infection in the wild. 
The explanations for the failure to achieve equilibrium between the host and the 
parasite are controversial and focus on the characteristics of the host (Gustafsson et 
al., 1997; Maubon et al., 2008; Sedlák et al., 2000).  
T. gondii antibodies have been found in animals worldwide and although for most host 
species, the seroprevalence numbers are clearly higher than incidence of clinical and 
fatal cases, European brown hare appears exceptionally susceptible to the infection 
(Jokelainen et al., 2011). Seroprevalence of T. gondii in hares varies among countries 
ranging from 0-46%. The highest seroprevalence against T.gondii (46%) was found in 
hares from Germany by the Sabin-Feldman test (Frölich et al., 2003b). In Slovakia, 32% 
prevalence was found by complement fixation test (CFT) (Catar, 1972). IFAT was used 
by Bartova and Sedlak, 2012 and Edelhofer et al., 1989 in Czech Republic and Austria 
reporting a seroprevalence of 20% and 2% respectively. In France 9% of the hunted 
brown hares were antibody-positive by modified agglutination test (MAT) but isolation 
attempts were unsuccessful (Aubert et al., 2010). Poli et al., 1987 reported low 
prevalence (6.4%) in Tuscany (Italy) by indirect agglutination test. No antibodies were 
detected in hares from Sweden using IFAT, ELISA, DAT and Sabin-Feldman test 
(Gustafsson and Uggla, 1994). Although different serological techniques were used in 
the above-mentioned studies, the differences in the serological status of hare 
population against T. gondii across European countries are indeed highlighted. Besides, 
T. gondii seroprevalence varies even within different areas of a country and within the 
same city (Jokelainen et al., 2011). In a previous study in Spain, significantly higher 
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seroprevalence was observed in juvenile Iberian hares compared to the adult ones 
(Fernández-Aguilar et al., 2013). The authors suggested that possibly T. gondii infection 
affects the survival of infected hares and thus infected juveniles reach the adult stage 
at lower rates than the non-infected hares or that a short-lived humoral immune 
response against T. gondii exist in Iberian hares (Fernández-Aguilar et al., 2013). 
Nevertheless, the dynamics of T. gondii antibodies in hares is not well understood as it 
has only been analyzed in short term experimental infections because of hares 
suffering or dying following infection (Gustafsson, 1997; Sedlák et al., 2000).  
Regarding fatal toxoplasmosis cases in hares, in Sweden, toxoplasmosis was the cause 
of death in 10% of European brown hares and 4% of mountain hares necropsied in the 
1980s (Gustafsson et al., 1988). In  Denmark a similar proportional mortality rate of 
almost 10% in brown hares was also reported earlier (Christiansen and Siim, 1951). In 
Germany, 57% of the hares examined were immunohistochemically positive for T. 
gondii antigen (Frölich et al., 2003b). In addition to these findings from wild hares, an 
outbreak of acute toxoplasmosis with high mortality was described on a mountain hare 
ranch in Japan (Shimizu, 1958).  
 
Leishmania spp 
Protozoan parasites of the genus Leishmania (Trypanosomatida: Trypanosomatidae) 
are the causative agents of a complex of vector-borne diseases, Leishmaniases, which 
represent an important public health concern. Approximately 53 Leishmania species 
have been described; of these, 31 species are known mammal parasites and 20 species 
are pathogenic for humans. They are present in extremely diverse ecosystems and are 
able to infect a wide range of mammals (Bañuls et al., 2007). Leishmaniases are 
endemic in large areas of the tropics, subtropics, and the Mediterranean basin, 
including more than 98 countries. It is estimated that there is a total of 350 million 
people at risk and 12 million cases of infection. Canine leishmaniasis is a serious 
veterinary problem with an estimate of 2.5 million infected dogs in the Mediterranean 
basin only (Alvar et al., 2012).  
The transmission mainly occurs through the bites of infected female sandflies of the 
genus Phlebotomus in the Old World and Lutzomyia in the New World. Approximately 
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166 sandfly species have been reported to be proven or potential vectors of different 
Leishmania species in the Old and New World. Among these species, 78 are reported 
as the proven vectors of Leishmania. Among the above-mentioned sandfly vectors, 
seven are involved in the transmission of L. major, seven in the transmission of L. 
tropica, 31 in the transmission of L. infantum, and nine in the transmission of L. 
donovani (Akhoundi et al., 2016). Leishmania species are heteroxenous as they infect 
the phagocytes of the reticuloendothelial system of mammals and the intestinal tract 
of phlebotomine sandflies. However, other arthropods such as Forcipomyia spp. 
(Diptera: Ceratopogonidae) as well as some tick species have been reported as the 
potential vectors of Leishmania spp (Dantas-Torres et al., 2010; Slama et al., 2014; 
Solano-Gallego et al., 2012). Importantly, sexual, vertical and iatrogenic transmission 
have been also reported (Morillas-Marquez et al., 2002; Pangrazio et al., 2009; Silva et 
al., 2009).  
The successful zoonotic or anthroponotic transmission between the sandfly vector and 
a mammalian reservoir is a key factor for survival of the Leishmania parasite. Zoonotic 
transmission cycles involve a reservoir host such as dogs in domestic cycles and 
rodents, marsupials, edentates, monkeys and wild canids in sylvatic cycles where 
enzootic transmission occurs between wild animals, with humans forming dead end 
hosts if infected. It is worth mentioning that sandflies use wild animal burrows as 
breeding sites (Feliciangeli, 2004). Thus, it has been suggested that in the case of 
Phlebotomus perniciosus a possible overlapping of wild and domestic environments 
may occur due to the widespread presence of this sandfly species in both environments 
(Millán et al., 2014). In the strictly anthroponotic transmission cycles humans with kala-
azar, post kala-azar dermal leishmaniasis (PKDL) and to a lesser extent those with 
asymptomatic infection are the sole reservoirs (Bern et al., 2008; Quinnell and 
Courtenay, 2009). The specific Leishmania spp are transmitted either anthroponotically 
or zoonotically. However, exceptions such as Leishmania tropica which although having 
a predominant anthroponotic cycle, may be transmitted from animals, also exist (Pace, 
2014).  
In humans, the majority of Leishmania infections lead to asymptomatic cases. However, 
when the disease is declared, it is expressed in four main clinical forms according to the 
location of the parasite in mammalian tissues—referred to as visceral, cutaneous, 
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diffuse cutaneous, and mucocutaneous leishmaniasis (Alvar et al., 2012; Bañuls et al., 
2007). In dogs infection manifests itself as a chronic subclinical infection, self-limiting 
disease, or non-self-limiting disease (Solano-Gallego et al., 2009). In endemic areas, 
most dogs appear to have chronic infections that last for as long as they live (Oliva et 
al., 2006) and only a small proportion end up developing severe disease (Baneth et al., 
2008). Similarly, Leishmania infected wild mammals may be symptomatic or 
asymptomatic. Canids may present cutaneous crusts, ulcers and alopecia. Emaciation, 
pale mucous membranes, liver enlargement and discoloration, splenomegaly and 
lymphadenopathy are among the common findings at necropsy. Pulmonary congestion 
and edema, hemorrhages in skin, lung, heart, and intestines are among the less specific 
changes reported (Beck et al., 2008; Luppi et al., 2008; Malta et al., 2010; Souza et al., 
2010, 2014).  
Leishmania infection has been documented in various wild mammalian species, 
including carnivores (Beck et al., 2008; Luppi et al., 2008), primates (Malta et al., 2010), 
marsupials (Santiago et al., 2007), edentates (De Araújo et al., 2013), lagomorphs 
(Molina et al., 2012; F. Ruiz-Fons et al., 2013; Tsokana et al., 2015), bats (De Lima et al., 
2008) and rodents (Kassahun et al., 2015; Papadogiannakis et al., 2010). However, a 
fundamental factor determining the ability of a species to act as a potential reservoir is 
its infectiousness to sandflies. In Europe, this capacity has been demonstrated for the 
black rat (Rattus rattus) in Italy (Gradoni et al., 1983) and the Iberian hare in Spain 
(Molina et al., 2012).  
The first reference of infected hares came from China in Yarkend hare (Lepus 
yarkandensis) (Liao LiFu et al., 2009). At late 2010, an outbreak of human leishmaniasis 
cases (a surprising 446 human clinical cases were recorded), centred on a suburban 
park, in Fuenlabrada, southwestern Madrid (Spain), as well as the unchanged incidence 
in dogs in the same period, prompted the researchers to investigate the role of the 
Iberian hare in the epidemiology of L. infantum.  According to different authors, in that 
municipality, 30% to 45% of hares were Leishmania infected (Arce et al., 2013; Moreno 
et al., 2014). The molecular typing of hare isolates showed that the isolates involved in 
the outbreak belonged to the ITS LOMBARDI subtype of L. infantum, as those isolated 
in different parts of Madrid since at least 1992 (Chicharro et al., 2013). Xenodiagnosis 
showed that seven apparently healthy naturally infected hares were infectious to a 
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mean 4.7% (0–10.6%) Phlebotomus perniciosus, a competent vector for L. infantum 
suggesting that hares may represent at least a secondary reservoir in the sylvatic 
transmission cycle of L.infantum in that region (Molina et al., 2012). In another study, 
analysis of blood meals of ten sand flies captured in the affected area showed a high 
preference for hares (n=6), followed by humans (n=3), and cats (n=1) (Jiménez et al., 
2013). Following studies in Spain showed that L. granatensis, L. europaeus, L. 
castroviejoi from six different regions, presented an overall 43.6% DNA prevalence (Le. 
granatensis 42.1%, Le. europaeus 56.3%) (F Ruiz-Fons et al., 2013). Later, Leishmania 
infection in hares was found to be 23.49% in Northern Greece (Tsokana et al., 2015), 
18.52% in Italy (Zanet et al., 2016) and more recently 1.9% in central Italy (Rocchigiani 
et al., 2018). A seroprevalence of 74.1% was reported in Le. granatensis in Spain 
(Moreno et al., 2014) while in Italy the seroprevalence in Le. europaeus was 0.9% (Ebani 
et al., 2016). Clinical illness has not been detected in seropositive hares (Moreno et al., 
2014). It has been suggested that possibly, under specific circumstances such as an 
unusually high concentration of hares, high density of sandflies and a low level of 
immunity in the human population (Carrillo et al., 2013) this species can act as reservoir 
for L. infantum infection (Millán et al., 2014).  
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Leishmaniases are vector-borne infections caused by protozoa of genus Leishmania, 
affecting various mammals, mainly carnivores and humans. Clinical patent disease is 
relatively easy to be diagnosed and laboratory-confirmed by direct detection of the 
parasite in clinical samples. However, in subclinical cases detection of the causative 
agent is possible by highly sensitive diagnostic techniques such as molecular assays. 
Different molecular methods have been developed and evaluated including multilocus 
enzyme electrophoresis, conventional PCR based assays, quantitative Real Time PCR as 
well as simplified PCR methods. 
More than 30 Leishmania species have been recognized, of which 20 are considered 
infective for humans and animals. The ability to distinguish between Leishmania species 
is crucial for differentiation of various forms of disease (Visceral, Cutaneous, 
Mucocutaneus) at least in humans in order to establish correct diagnosis and prognosis 
of the disease as well as to support decision-making regarding application of the 
appropriate treatment protocols. 
Available tools for species identification and phylogenetic analysis include DNA 
sequencing analysis, restriction fragment length polymorphism (RFLP) analysis, and 
PCR-fingerprinting techniques as well as novel methods such as multilocus sequence 
typing (MLST) and multilocus microsatellite typing (MLMT). MLST is regarded as the 
most powerful phylogenetic approach and will be a better alternative to MLEE in the 
future. Various studies showed that the same target genomic regions can be used to 
compare distances among species but also to evaluate genetic diversity within species. 
This review aims to critically present current molecular approaches for Leishmaniasis 
diagnosis, species identification and phylogenetic analysis. 
 
Molecular Diagnosis 
PCR is being used for the diagnosis of parasitic diseases, including Leishmaniasis. PCR is 
considered to be the most sensitive and specific technique among the methods applied 
so far for the direct detection and identification of the causative agent. The procedure 
is rapid and can be applied to a variety of clinical samples. Regarding the efficacy of the 
assay, it depends on the target selected for amplification (conserved or variable target 
region), the number of the target copies, the extraction technique used, the biological 
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sample tested and the PCR protocol adapted or developed (Baneth and Aroch, 2008; 
Cortes et al., 2004).  
The PCR-based assays are advantageous over immunological techniques such as ELISA 
and IFAT as host species specific reagents are not required. The increased PCR 
sensitivity over serology for the detection of infection is of great interest in certain 
cases such as in patients with cutaneous, muco-cutaneous Leishmaniasis (CL or MCL) 
and the immunocompromised ones (e.g. coinfected with HIV, under chemotherapy 
etc). The former have low or no concentrations of antibodies against Leishmania due 
to the localized character of the disease while the latter present limited antibody 
production both resulting in negative serological tests (Singh, 2006). In particular, in 
chronic CL patients, who constitute the greater diagnostic challenge due to their low 
parasite density, PCR assays for the detection of Leishmania DNA presented 100% 
sensitivity. Moreover, the fact that antibodies remain detectable for years after 
successful treatment  makes the application of PCR a necessity(De Almeida Silva et al., 
2006).  
PCR has been also proved to be valuable in the diagnosis of post-kala-azar dermal 
Leishmaniasis (PKDL) (Osman et al., 1998a). Additionally, the detection of parasite DNA 
has been shown to be a useful prognostic marker for the disease relapse or the 
development of PKDL even after successful treatment outcome. (Osman et al., 1998b). 
Furthermore, persistent infection has been found in apparently healed scars from MCL 
patients (Schubach et al., 1998), the presence of Leishmania braziliensis was reported 
in patients previously treated by immunotherapy or patients being at different stages 
of treatment and in subjects who had never presented clinical manifestations but they 
had lived in endemic areas and migrated to nonendemic regions (Guevara et al., 1993). 
Moreover, several studies reported that PCR detects parasitaemia a few weeks before 
the appearance of clinical manifestations. The detection of asymptomatic infected 
humans contributes to the prevention of the sand fly infection and the transfusion-
transmitted kala-azar especially for the patients that require multiple transfusions, at 
least in endemic areas (Martín-Sánchez et al., 2004; Singh, 2006). 
Regarding Canine Leishmaniasis, PCR assays constitute useful tools in cases of clinically 
healthy dogs which harbour infection but may never develop clinical disease. As the 
PCR positive results indicate infection, these assays could contribute to the prevention 
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of the importation of infected clinically healthy dogs to nonendemic areas where 
infection may spread via local sand fly vectors and the transmission via blood 
transfusion (Solano-Gallego et al., 2009). Finally, the parasite detection is crucial in case 
of negative results obtained by serology. This discrepancy may be attributed due to the 
gap between infection and seroconversion, the transient presence of specific 
antibodies and the possibility for some infected dogs never to be seroconverted. In 
contrast, false positive results may be obtained due to the existence of anti-Leishmania 
antibodies for a considerable time after convalescence (Maia et al., 2009). 
On the other hand, a positive PCR result in asymptomatic dogs cannot support decision-
making regarding treatment as the parasite DNA may be present for a long time after 
the parasite has been cleared while also a single negative PCR result in a clinically 
suspected dog cannot rule out infection.  
Along with the need for PCR assays simplification, there is also a demand for 
standardization and optimization due to the lack of a universal PCR assay for the 
diagnosis of Leishmaniasis (Deborggraeve et al., 2008). Most laboratories perform “in-
house” PCR assays using different primer pairs, DNA targets and PCR protocols (Schallig 
and Oskam, 2002).  
A variety of clinical samples have been used for the detection of Leishmania DNA such 
as whole blood, buffy coat, bone marrow, lymph node, spleen, conjunctival swabs 
(Ferreira et al., 2008; Strauss-Ayali et al., 2004) and other biological samples such liver, 
lung, heart, penis, vagina, testis, semen, uterus, placenta, kidney, intestine, milk and 
urine (Maia and Campino, 2008) and more recently nasal, ear and oral swabs (Ferreira 
et al., 2013; Lombardo et al., 2012). Bone marrow, lymph node, spleen and skin are the 
tissues presenting the highest sensitivity for the diagnosis of Canine Leishmaniasis 
(Maia et al., 2009; Manna et al., 2008). The same holds true for the non invasive 
sampling techniques using conjunctival swabs (Ferreira et al., 2013; Strauss-Ayali et al., 
2004). Whole blood, buffy coat, urine and the other biological samples mentioned 
above have been shown to be less sensitive.  
Several target sequences and different PCR protocols have been described for the 
detection of Leishmania DNA. The most frequently used amplification targets are the 
Kinetoplast DNA minicircle (kDNA) (Andresen et al., 1997; da Silva et al., 2004; Hu et 
al., 2000; Martín-Sánchez et al., 2002; Pal et al., 2004; Salotra et al., 2001) and the small 
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subunit ribosomal RNA (SSU rRNA) (Cruz et al., 2006a, 2002; Lachaud et al., 2000; 
Mathis and Deplazes, 1995). There are various gene targets which are also commonly 
used such as the internal transcriped spacer (ITS) of 18SRNA gene (Azmi et al., 2011; 
Leite et al., 2010; Roelfsema et al., 2011; Rotureau et al., 2006; Schönian et al., 2003a; 
Strauss-Ayali et al., 2004), the mini exon derived RNA genes (spliced ladder) (E. 
Bensoussan et al., 2006; Fernandes et al., 1994; Katakura et al., 1998; J. Marfurt et al., 
2003; Jutta Marfurt et al., 2003; Roelfsema et al., 2011; Serin et al., 2007) and a 
repetitive DNA sequence (Lachaud et al., 2002; Minodier et al., 1997). 
 It is worth mentioning that variable and sometimes conflicting results have been 
reported by several studies evaluating PCR using different target sequences in different 
host tissues. These results have been mostly obtained from asymptomatic infected 
hosts while also the results may vary depending on the sampling technique, storage 
method and the PCR protocol employed (Baneth and Aroch, 2008) . Some indicative 
studies evaluating the most frequently used PCR targets in different tissues are 
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Tissue tested Sensitivity % Specificity % References 
kDNA 120,297,
790,792 
WB,BM 68.8-100 100 (da Silva et al., 2004) 
(Hu et al., 2000) 
 (Pal et al., 2004) 
(Salotra et al., 2001) 
ssurRNA 358, 603 WB,BM 72.2-97 100 (Cruz et al., 2002) 
(Cruz et al., 
2006b)(Mathis and 
Deplazes, 1995) 
(Lachaud et al., 2000)  
ITS1 300-350 BM,WB,SB,SS,DS,C
S,CB,SA 
68-100 100 (Schönian et al., 
2003b) (Rotureau et 
al., 2006) (Azmi et al., 
2011) (Roelfsema et 






53.8-89.7 100 (Katakura et al., 
1998) (J. Marfurt et 
al., 2003) (E. 
Bensoussan et al., 
2006) (Roelfsema et 
al., 2011) 
BM: Bone marrow, WB: whole blood, SB: Skin biopsy, SS: Skin scrapings, DS: Dermal smear, SA: 
Skin aspirates LA: Lesion aspirates CS: Conjunctival swab, CB: Cultured biopsies, DB: Duodenal 
biopsy, GB: Gastric biopsy 
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Real time PCR (or quantitative PCR-qPCR), a molecular technique which has 
revolusionized the pathogens diagnosis, is considered to be the reference method for 
molecular diagnosis in the future.  
In recent years, qPCR assays based either on SYBR Green or TaqMan chemistries have 
been developed and evaluated for the detection, quantification and even species 
differentiation of Leishmania spp in a variety of clinical samples showing high sensitivity 
and reprodubility (Nicolas et al., 2002; Schulz et al., 2003). qPCR is considered to be a 
helpful tool for Leishmania diagnosis, monitoring during therapy, development of new 
drugs and diagnostic tools, comparison of drug efficacy or prophylactic schemes, and 
for epidemiological studies. Regarding diagnosis of Leishmaniasis, the kinetic study of 
parasitemia in the immunocompromised hosts, the diagnosis of relapses and the 
quantification of the low parasitic load in asymptomatic patients are of great interest 
(Paiva-Cavalcanti et al., 2010).  
The qPCR is highly sensitive especially at the lower parasite loads (Mary et al., 2004; 
Vitale et al., 2004), specific and reproducible offering the ability to monitor therapy and 
to prevent relapses. The applications mentioned above make qPCR an attractive 
alternative to conventional PCR in routine diagnosis (Paiva-Cavalcanti et al., 2010; 
Vitale et al., 2004). Some of the studies carried out so far and their findings regarding 
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Table 2. Detection threshold, sensitivity and specificity of qPCR using various targets in 
different tissues. 
BM: Bone marrow, WB: whole blood, SB: Skin biopsy, CS: Conjunctival swab, LN: Lymph node, 
S: Spleen, L: Liver, LU: Lung, K: Kidney, BC: Buffy coat, BS: Biopsy specimen, 
p/r:parasites/reaction, p/s: parasite/sample TRYP: tryparedoxin peroxidase gene 
 
Given that PCR is restricted to well equiped laboratory settings, and that there is a need 
for simplification of the PCR assay and a demand for standardization and optimization 
(Reithinger and Dujardin, 2006), the described tools below may represent a good 
alternative for rapid and simple diagnosis of Leishmaniasis in endemic areas and 
epidemiological studies (Deborggraeve et al., 2008; van der Meide et al., 2008). 
Quantitative nucleic acid sequence-based amplification (QT-NASBA) has proven to be 
a very sensitive and specific assay in diagnostic microbiology which is based on the 
amplification of single-stranded RNA sequences. In fact, this technique detects RNA in 
a background of DNA (Schallig and Oskam, 2002). Several QT-NASBA assays have been 
developed for the detection of Leishmania parasites including QT-NASBA combined 
with electro-chemiluminescence (ECL) (van der Meide et al., 2008, 2005) and QT-
Target Tissue tested Detection 
threshold  
Sensitivity % Specificity % References 
kDNA BM, WB 0.001 p/ r   (Francino et al., 2006) 
kDNA WB 0.07 p/ r 100 83.33 (de Paiva Cavalcanti et 
al., 2009) 
kDNA BM, WB, LN, 
CS, S, L, LU,K, 
BC 
0.03 p/ r   (Galletti et al., 2011) 
kDNA WB 0.004 p/ r   (Abbasi et al., 2013) 
TRYP BS  98.7 59.8 (Khosravi et al., 2012) 
ITS1 WB, SB, S 0.25 p/s   (Talmi-Frank et al., 
2010) 
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NASBA combined with oligochromatographic technology (OC) (Deborggraeve et al., 
2008; Mugasa et al., 2010b) for the detection of NASBA products The QT-NASBA assays 
developed, are commonly based on amplification of single-stranded 18S ribosomal RNA 
sequences (Basiye et al., 2010; Deborggraeve et al., 2008; Saad et al., 2010; van der 
Meide et al., 2008, 2005). This target is considered to be highly efficient for the 
diagnosis Leishmaniasis as each parasite contains a large number of copies of the 
18SrRNA gene (van Eys et al., 1992) while also the cytoplasm is assumed to contain 
approximately 104 rRNA copies (van Eys et al., 1992). Moreover the target is present in 
all Leishmania species and it does not vary between different species allowing high 
sensitivity and quantification of all species in a similar manner (Deborggraeve et al., 
2008; van der Meide et al., 2008, 2005). However, this target shows high similarity with 
the 18S rRNA gene sequence of Endotrypanum, Crithidia, Wallaceina, and Leptomonas 
organisms which may result in false positive results especially in the case of 
immunocompromised patients (Deborggraeve et al., 2008). The fact that NASBA 
detects RNA, makes it a molecular tool of great importance for the measurement of 
viable parasites. As a consequence, its application makes possible the assessment of 
the efficacy of drug therapies, the prediction of treatment outcome and the monitoring 
of the emergence of drug resistance. As it is well known, the DNA is still detected for a 
long time after parasite death, thus making RNA a preferable amplification target for 
the demonstration of parasite viability (Reithinger and Dujardin, 2006; Schallig and 
Oskam, 2002; van der Meide et al., 2005). Moreover, when targeting RNA, the starting 
number of the template molecules is much higher resulting in increased assay 
sensitivity and decreased sample volume required (Reithinger and Dujardin, 2006). The 
latter, makes also QT-NASBA a highly sensitive assay as it is able to detect very low 
target levels on clinical samples. 
Loop-mediated isothermal amplification (LAMP), a novel method of DNA amplification 
under isothermal condition (Notomi et al., 2000), has been developed to detect 
Trypanosoma species, malaria, tuberculosis and filaria (Khan et al., 2012). Recently a 
reverse transcriptase step has been developed to specifically amplify RNA so as to 
amplify RNA viruses such as HIV and avian influenza viruses and to increase the assay 
sensitivity (Adams et al., 2010). The recently developed LAMP seems to be a promising 
diagnostic tool. The results obtained from several studies are encouraging as this assay 
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is much faster than conventional or nested PCR , it may be applied in field conditions, 
it shows high specificity  and sensitivity (Khan et al., 2012; Mori and Notomi, 2009; 
Nagamine et al., 2002; Notomi et al., 2000; Takagi et al., 2009; Verma et al., 2013).  
In the context of a generalized effort for simplification of the parasite detection, assays 
including PCR-ELISA and PCR-OC have been developed and evaluated. Several studies 
reported that PCR-ELISA showed high sensitivity. In a study, PCR-ELISA in blood samples 
from HIV negative VL patients was evaluated and presented higher sensitivity (83.9% 
and 73.2%) and specificity (100% and 87.2%) than conventional PCR (De Doncker et al., 
2005). Other investigators have also evaluated the use of the assay in blood samples 
from HIV co-infected VL patients and PCR-ELISA found to be highly sensitive (Costa et 
al., 1996; Martin-Sanchez et al., 2001; Martín-Sánchez et al., 2002). Basiye et al, 
reported that PCR-OC is highly sensitive for Leishmania diagnosis on blood samples 
from VL patients (sensitivity 96,4% and specificity 88.8%) compared to NASBA-OC 
which was shown to be more specific (specificity 100%) (Basiye et al., 2010). In another 
study the repeatability and reproducibility of the assay was studied and found to be 
95.9% and 98.1% in purified nucleic acid specimens and 87.1% and 91.7% in blood 
specimens spiked with parasites respectively (Mugasa et al., 2010a). 
 
Species Identification 
The species identification is useful in areas with various co-existing Leishmania species 
such as the southern Mediterranean Basin where CL is caused by L. major, L. tropica or 
L.infantum and South America where CL may be caused by L.mexicana and 
L.amazonensis as well as the species of the subgenus L.(Viannia). Regarding the areas 
where only one species is considered to be responsible for the disease, the species 
identification is an important tool for the differentiation between Leishmania species 
and lower trypanosomatids related to the monoxenous parasites of insects of the 
genera Leptomonas or Herpetomonas which are also considered to cause VL in 
Southern Europe, South America and in the Indian subcontinent. As far as it concerns 
the non-endemic areas, they seem to be at risk for parasite importation due to the 
increasing international travel and population migration (SchöNian et al., 2010) 
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In recent years, there has been great scientific interest in the development of molecular 
tools, based on PCR or other amplification techniques, for Leishmania parasites 
identification at species and even strain level. The molecular tools used, range from 
amplification and subsequent RFLP or DNA sequence analysis of multicopy targets or 
multigene families, including coding and non-coding regions, and PCR-fingerprinting 
techniques to the recently developed MLST and MLMT with different discriminatory 
power, sensitivity and specificity while also each one has its specific advantages and 
drawbacks (SchöNian et al., 2010). Additionally, in most cases, the level of 
polymorphism found with coding or repeated non-coding PCR-amplified sequences is 
not refined enough to distinguish between closely related strains while application of 
MLST and MLMT approaches may reveal important strain polymorphisms. 
PCR assays amplifying the conserved region of kinetoplast minicircle DNA or SSU rDNA 
have been shown to be the most sensitive, but they are able to identify Leishmania 
parasites only to the generic and/or subgeneric level (E. Bensoussan et al., 2006; 
Lachaud et al., 2002; Schönian et al., 2003a; van Eys et al., 1992). However, the kDNA 
PCR-RFLP assay has been used as a molecular marker for Leishmania identification at 
strain level and found to be discriminative between closely related organisms such as 
L.infantum MON-1. In this case, PCR-RFLP of whole minicircle DNA, a highly 
polymorphic assay, has been applied for differentiation between recrudescence and 
re-infection (Morales et al., 2002, 2001) and for L.infantum strain typing (Botilde et al., 
2006). However, the interpretation of the RFLP patterns is difficult as well as the 
comparison of the results obtained between laboratories (Botilde et al., 2006; 
SchöNian et al., 2010) 
The targets used for species identification include the ribosomal internal transcribed 
spacer (ITS) (Cupolillo et al., 1995; Nasereddin et al., 2008; Schönian et al., 2003a); the 
mini-exon gene (J. Marfurt et al., 2003; Jutta Marfurt et al., 2003); repetitive nuclear 
DNA sequences (Piarroux et al., 1993); the glucose-6-phosphate dehydrogenase gene 
(Castilho et al., 2003); gp63 genes (Victoir et al., 1998); hsp70 genes(Fraga et al., 2010; 
Garcia et al., 2004); cytochrome b gene (Kato et al., 2005), 7SL RNA gene sequences 
(Zelazny et al., 2005).  
Other PCR-based approaches used for Leishmania parasites identification at strain level 
include the sequences of cysteine protease B (cpb) gene (Garcia et al., 2005; Hide and 
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Bañuls, 2006; Oshaghi et al., 2009; Quispe-Tintaya et al., 2005), the gp63 (Garcia et al., 
2005; Mauricio et al., 2001), the ITS1 (Cupolillo et al., 2003, 1994; Rotureau et al., 2006; 
Schönian et al., 2001), the mini exon (Mauricio et al., 2004) and the kinetoplast 
minicircles (Chicharro et al., 2002; Cortes et al., 2006; Laurent et al., 2007; Morales et 
al., 2001; Noyes et al., 1998). 
The digestion of ITS1 PCR product with the restriction enzyme HaeIII can distinguish all 
medically relevant Leishmania species. However, almost identical RFLP patterns arise 
for the representatives of the L. donovani complex (L. donovani and L.infantum) or L. 
braziliensis complex (L. braziliensis, L. guyanensis, L. panamensis, L. peruviana etc.) with 
a great variety of restriction enzymes (Schönian et al., 2003a). According to Schönian 
et al, in such a case, the sequencing of the ITS1 PCR product will allow the species 
differentiation (SchöNian et al., 2010). Nasereddin et al developed a simple reverse line 
blot hybridization (RLB) assay based on ITS1 sequences, which could distinguish all Old 
World Leishmania species, even L. donovani from L.infantum. This approach was found 
to be highly sensitive, approximately 10- to100-fold more sensitive than ITS1 PCR while 
the results obtained were comparable to those found by kDNA PCR (Nasereddin et al., 
2008). Moreover, Talmi-Frank et al, described a new application of high resolution melt 
(HRM) analysis of a real time PCR product from the ITS1 region in samples from human, 
reservoir hosts and sand flies for rapid detection, quantification and speciation of Old 
World leishmanial species. In this assay, different characteristic high resolution melt 
analysis patterns were exhibited by L.major, L.tropica, L. aethiopica, and L.infantum 
making this approach able to distinguish all Old World Leishmania species causing 
human disease, except L. donovani from L.infantum (Talmi-Frank et al., 2010). Recently, 
an alternative technique, PCR-fluorescent fragment length analysis (PCR-FFL), has been 
developed by Tomás-Pérez et al, for use in Leishmania while its use has been reported 
previously for species identification in Trypanosoma (Hamilton et al., 2008; Tomas-
Perez et al., 2013). In this study the fluorescently tagged primers used, were designed 
in the rRNA fragment ITS-1 and 7SL region. The amplified fragments were digested and 
their sizes were determined by an automated DNA sequencer. PCR-FFL was found to 
be accurate and more sensitive than PCR-RFLP analysis (Tomas-Perez et al., 2013) 
Regarding the hsp70 PCR-RFLP approach, it is considered to be useful for the L.(Viannia) 
species discrimination while its sensitivity is poor for L.(Leishmania) species.  Diagnostic 
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RFLP patterns for the L.guyanensis species complex as well as for L. lainsoni and L. shawi 
are produced after restriction with the enzyme HaeIII (da Silva et al., 2010; Garcia et 
al., 2004). However, this assay was not able to discriminate between L. braziliensis and 
L. peruviana as well as L. naiffi, requiring a second restriction enzyme for the 
differentiation (da Silva et al., 2010) while also L. guyanensis and L. panamensis both 
belonging to the L. guyanensis complex share identical RFLP pattern (Fraga et al., 2010). 
The discrimination of the species mentioned above is of great significance due to the 
fact that even if  L. braziliensis is considered to be the main causative agent of MCL 
(Lessa et al., 2007) other L.(Viannia) species are also suspected of causing MCL. 
Additionally, a differential response to antimonial treatment has been documented 
(Arevalo et al., 2007; Llanos-Cuentas et al., 2008; Thomaz-Soccol et al., 2000). This 
assay was suggested to be applicable on clinical samples (Garcia et al., 2007; Montalvo 
et al., 2010).  
Montalvo et al, extended the use of the hsp70 PCR-RFLP for identification of Old World 
and additional New World species and improved resolution within New World species 
complexes (Montalvo et al., 2010). Recently, they developed an adequate and flexible 
toolbox which consists of one improved and three new PCR approaches based on hsp70 
target amplification and subsequent RFLP, able to diagnose and identify the most 
medically relevant New and Old World Leishmania species. The new PCR variants were 
highly sensitive and specific and they presented improved amplification efficiency in 
clinical samples compared to hsp70 PCR described previously by Garcia et al (Garcia et 
al., 2004). The choice of the most suitable PCR among the four described, depends on 
factors like the origin of infection, the sympatry of species, the imported versus 
endemic pathology, the clinical presentation and the clinical sample (Montalvo et al., 
2011). 
Fernandes et al first developed a PCR approach based on mini exon gene (Fernandes et 
al., 1994) which was later adapted by Mauricio et al. In this study the mini-exon PCR-
RFLP was compared with ITS1 PCR-RFLP. Both targets were shown to be able to identify 
the strains studied but mini exon was found to be more polymorphic than ITS1 whereas 
neither ITS1 nor mini -exon produced as many robust groups as gp63 based restriction 
analyses published before (Mauricio et al., 2004, 2001). Marfurt et al also developed a 
mini-exon PCR-RFLP assay (Jutta Marfurt et al., 2003). The pair of primers deriving from 
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the conserved region was able to amplify DNA from Old and New World Leishmania 
species while the diversity detected in the non transcribed spacers represented an 
informative phylogenetic marker. The digestion of the PCR products with one or two 
different restriction enzymes resulted in species-specific patterns allowing the species 
differentiation. Thus, they designed a mini-exon PCR-RFLP genotyping scheme, using 
different restriction enzymes. However, a single EaeI digest was informative enough for 
the speciation needed in clinical setting (Jutta Marfurt et al., 2003). Furthermore, the 
repetitive character of this template made it highly sensitive even when applied to 
clinical samples (J. Marfurt et al., 2003).  
On the other hand, when Bensoussan et al compared three PCR assays (kDNA,ITS1 and 
mini exon used as targets) found that mini exon presented the lowest sensitivity 
(53.8%) and suggested that this discrepancy may be attributed to the examination of 
stored clinical samples collected on filter papers instead of fresh samples, the 
extraction or the purification technique (Esther Bensoussan et al., 2006).  
Rocha et al also adapted the PCR approach of Fernades et al and compared four PCR 
assays (kDNA and mini exon used as targets) for the evaluation of New World 
Leishmania strains typing. Species belonging to the subgenus Leishmania were not 
amplified with the mini exon target and the author suggested that this difference 
probably resulted from intraspecific variation (Rocha et al., 2010).  
Recently, in another study, ITS1 and mini exon targets were compared with 18SrRNA in 
terms of sensitivity and discriminatory power in clinical samples, under routine 
laboratory settings. A new pair of primers for mini exon target was designed due to the 
inability of the previous published primers to amplify the target in all clinical samples 
while also the protocol was slightly modified in order to achieve better diagnostic 
sensitivity. However, ITS1 was found to be more sensitive and practical than mini exon. 
In contrast, mini exon was again more polymorphic and revealed a great discriminatory 
power in L.(Viannia) subgenus (Roelfsema et al., 2011).  
The Leishmania donovani complex is the causative agent of visceral Leishmaniasis, the 
most severe form of the disease. The discrimination between the representatives of 
L.donovani complex, L.infantum and L.donovani, is important as they are 
morphologically indistinguishable while also they are associated with different 
epidemiology, ecology and pathology as L.donovani is anthroponotic and L.infantum is 
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anthropozoonotic. Moreover, there are not discriminative markers to identify certain 
strains which status is questioned. Thus, the development of molecular tools capable 
of identifying diagnostic markers and allowing a better understanding of phylogenetic 
relationships is of great importance. In a study a PCR assay based on cysteine 
proteinase B (cpb) was developed which was able to differentiate between the two 
species. The cathepsin-1 proteases CPB which belong to the papain-like superfamily, 
clan CA and family C1, play an important role in the host protein destruction and 
evasion of the host immune response (Alexander et al., 1998; Hide and Bañuls, 2006). 
CPB enzymes are encoded by a tandem array located in a single locus. Mundodi et al, 
have compared a L. donovani strain and a L.chagasi(syn L.infantum) strain and revealed 
at least five tandemly arranged genes (Mundodi et al., 2002). Hide and Banuls, used 
the last repeats of the cluster (cpbE for L.infantum and cpbF for L. donovani) and 
designed a PCR assay able to differentiate the two species by their fragment length as 
L.donovani strains were characterized by a 741-bp product and L.infantum strains by a 
702-bp product. This PCR assay did not generate amplification for other Leishmania 
species neither trypanosomatids. Although sensitive and specific in cultured parasites, 
the assay is not sensitive enough for diagnosis on clinical samples (Hide and Bañuls, 
2006). The fact that the species discrimination is based on 39 bp difference in PCR 
product may cause problems in species identification when using normal agarose gel 
electrophoresis and where both species are not available for comparison. Thus, 
another cpb PCR assay was developed with subsequent digestion with DraIII which cuts 
the 741-bp amplicon of L.donovani into 400 and 341 bp and a PCR using a species-
specific primer pair capable of amplifying a 317 bp of L. donovani whereas it did not 
amplify L.infantum (Oshaghi et al., 2009). Two cpb PCR-RFLP and one fluorogenic PCR 
assay for the molecular typing of L.donovani complex have been also developed and it 
was reported that the assays described were valid and informative for Leishmania 
typing in clinical samples (Quispe Tintaya et al., 2004; Quispe-Tintaya et al., 2005). 
Furthermore, a multilocus approach, using new and previously reported targets 
including cpb genes, was applied to neotropical isolates (L.braziliensis, L.peruviana, 
L.guyanensis, L.lainsoni and L. amazonensis) and was shown to be a highly robust 
method of distinguishing different strains (Garcia et al., 2005). 
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Real-time PCR is considered to be a useful, sensitive, accurate and rapid tool for 
detection, quantification and even genetic characterization of Leishmania parasites. A 
LightCycler RT-PCR assay based on fluorescence melting curve analysis of PCR products 
generated from the minicircles of kDNA was developed. This assay was able to detect 
and differentiate four Old World Leishmania species ( L. major was differentiated from 
L. donovani and from L.tropica and L.infantum) (Nicolas et al., 2002). In another study, 
a qPCR based on glucosephosphate isomerase (GPI) gene was able to discriminate 
between subgenus Viannia and the complexes L.mexicana, L.donovani/infantum and 
L.major (Wortmann et al., 2005). A qPCR based on glucose-6-phosphate 
dehydrogenase (g6pd) using either SYBR-Green or TaqMan probes has also been 
described. This assay was able to differentiate L.braziliensis from other L. (Viannia) 
species and from those of L.(Leishmania) (Castilho et al., 2008). Weirather et al used a 
set of primers and probes for serial qPCR assays based on kDNA which was able to 
detect and differentiate Leishmania species in clinical samples due to different melt 
temperature of the amplicon or by observing the presence or absence of some 
amplicons (Weirather et al., 2011). Recently, tryparedoxine peroxidase gene was used 
as amplification target in a qPCR assay able to identify Old-World Leishmania species 
causing CL (Khosravi et al., 2012). An alternative 18S rDNA based qPCR using 
fluorescence resonance energy transfer probes (FRET) was able to discriminate the 
L.donovani complex, the L.brasiliensis complex, and species other than these based on 
the distinct melting temperature obtained (Schulz et al., 2003). Finally, a new q PCR 
assay based on FRET technology and melting curve analysis was designed based on 
mannose phosphate isomerase (MPI) and 6-phosphogluconate dehydrogenase (6PGD) 
genes which found to be highly sensitive and discriminative for the five species of 
Leishmania being evaluated (L.braziliensis, L.panamensis, L.guyanensis, L.peruviana 
and L.lainsoni) (Tsukayama et al., 2013). 
Multilocus Enzyme Electrophoresis (MLEE), the technique which is regarded as the 
‘gold standard’ for the identification of Leishmania parasites to species and subspecific 
levels and for genetic diversity studies, has been  widely used since its introduction 
(Rioux et al., 1990a). MLEE detects different alleles of housekeeping genes indirectly by 
scoring the electrophoretic mobility of the enzymes they encode. The nucleotide 
differences in the genes encoding the enzymes are reflected by their mobility 
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differences. Thus, the parasites are identified by their enzymatic profile and are 
grouped in taxonomic units termed zymodemes, each one of whom consists of all the 
strains showing exactly the same profiles for all the enzymatic systems under study. 
Distinct combinations of isoenzyme mobilities for up to 15 enzymes have been assigned 
zymodeme numbers (MON-1–MON-274) (Bañuls et al., 2007). 
However, this molecular method presents several disadvantages including the need for 
mass culture of Leishmania parasites and large amount of protein, it is timeconsuming, 
labour-intensive, costly and technically demanding. It is also worth mentioning that the 
MLEE methods used in Europe and in South America are based on different enzyme 
panels and cannot be compared directly (Cupolillo et al., 1994; Rioux et al., 1990a; 
SchöNian et al., 2010). As far as it concerns its discriminatory power, it is considered to 
be poor due to its inability to detect nucleotide substitutions that do not change the 
amino acid composition and changes in the amino acid composition that does not 
modify the electrophoretic mobility. The discriminatory power of MLEE for 
classifications below species level is limited. For instance, the L.infantum zymodeme 
MON1, the causative agent of the majority of visceral leishmaniasis cases around the 
Mediterranean basin and South America, has been shown to be genetically 
heterogeneous and polyphyletic with molecular markers presenting higher resolution 
level (Hide et al., 2001; Ochsenreither et al., 2006). Moreover, other molecular studies 
do not always agree with the classification of Leishmania parasites by MLEE. For 
instance, the differentiation between the representatives of L.donovani complex, 
L.donovani and L.infantum, is based on only one enzymatic system (glutamate–
oxaloacetate transaminase-GOT) making the species distinction poor. In fact, the 
zymodeme MON-30 which was regarded as L.infantum, has recently shown to be 
L.donovani (Jamjoom et al., 2004; Zemanová et al., 2004). Furthermore, the existence 
of L.archibaldi as a distinct species belonging to  L.donovani complex was supported by 
MLEE but it was not in agreement with the results of many different molecular markers 
(Lukes et al., 2007) while also L.killicki was not confirmed to be a separate species 
(Schönian et al., 2001; Schwenkenbecher et al., 2006) and L. donovani zymodeme 
MON-37 was assigned to strains of different genetic background (Mohammad Zahangir 
Alam et al., 2009; Bañuls et al., 2007; SchöNian et al., 2010).However, the codominant 
character of this molecular tool is advantageous as it is able to identify heterozygous 
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profiles and thus potential hybrids while also if the proteins are highly polymeric, the 
distinction can be made between a heterozygous profile and a mixed infection (Bañuls 
et al., 2007).  
Randomly Amplified Polymorphic DNA (RAPD), a simple process, distinct from the PCR, 
based in the amplification of genomic DNA with short oligonucleotides of arbitrary 
nucleotide sequence used as primers, has been also applied for Leishmania spp. The 
primers are designed and used for the detection of polymorphisms without relying on 
prior knowledge of the DNA sequence to be amplified (Williams et al., 1990). From the 
advent of RAPD technique (Welsh and McClelland, 1990; Williams et al., 1990) 
numerous studies, only a few of them can be cited here, have been published reporting 
the use of RAPD as a molecular tool for Leishmania species identification and strain 
characterization. RAPD has been used for the investigation of the genomic diversity of 
L.braziliensis strains (Baptista et al., 2009; Gomes et al., 1995, p. 199), L.major isolates 
(Mahmoudzadeh-Niknam et al., 2012), L.donovani complex (Hamad et al., 2010; 
Mauricio et al., 1999; Zemanová et al., 2004) and L.infantum  (Botilde et al., 2006; Hide 
et al., 2001; Segatto et al., 2012). Regarding the use of RAPD in species identification, 
it has been applied for the differentiation between the species L.braziliensis, 
L.mexicana, L.infantum, L.tropica, L.chagasi, L.amazonensis and L.major (Martinez et 
al., 2003), the identification and differentiation of Old World species at complex level 
(Ikram et al., 2002) and recently for the characterization of clinical isolates responsible 
for kala-azar in India (Khanra et al., 2011).  
The main disadvantages of this technique are the need for parasite culture due to the 
use of non Leishmania specific primers and the poor reproducibility of the assay. 
Moreover, the bands of equal electrophoretic mobility may not be homologous and it 
is impossible to distinguish homozygous from heterozygous genotypes at specific loci 
because it is difficult to recognize allelic variants of randomly amplified polymorphic 
DNA markers in the absence of crossing data (Bañuls et al., 2007; SchöNian et al., 2010) 
PCR hybridization is one of the first molecular methods for species identification and 
genotyping... DNA probes have been designed for Leishmania species identification. 
The most common target used for Leishmania spp identification is kDNA. DNA probes 
targeting kDNA have been applied for L.major (Smith et al., 1989), L.infantum 
(Gramiccia et al., 1992), L.aethiopica (Laskay et al., 1991), L.mexicana and L.braziliensis 
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(Rodríguez et al., 1994), and L.mexicana, L.donovani and L.braziliensis complexes 
(Brenière et al., 1999). Other specific probes developed include a cDNA probe, designed 
from a repetitive degenerate sequence isolated from L.donovani, which specifically 
hybridized only with isolates of the L.donovani complex (Howard et al., 1991) and two 
probes, the pDK10 and the pDK20, which were able to differentiate between the Old 
World Leishmania species belonging to L.donovani complex and between all Old World 
Leishmania species respectively (van Eys et al., 1991, 1989). DNA probes generated 
from mini-exon genes have also been developed (Grisard et al., 2000). Other probes 
developed so far include a L.braziliensis specific probe (Rodriguez et al., 1997) and 
L.guyanensisspecific one (Rodriguez et al., 2000).  
MLEE has been recently modified in a direct sequencing alleles detection method at 
each locus, called MLST. Partial sequences of approximately 700 bp in size, belonging 
to a defined set of housekeeping genes, are directly compared; the alleles are scored 
as identical or not and the same allele combinations are referred as sequence types. 
Alternatively, data analysis by sequencing of the alleles may be implemented. This 
technique was first used for bacterial pathogens whereas in Leishmania, steps have 
been taken to develop a MLST system. (Schönian et al., 2008)  
The L. donovani complex has been studied by 2 sets of 5 loci for genes coding for 
enzymes used in MLEE (Mauricio et al., 2006; Zemanová et al., 2007). These 10 targets 
in combination should be a complete MLST system for application in L. donovani 
complex. These studies showed that results from MLST are in agreement with results 
from MLEE whereas some discrepancies were found and MLST presented higher 
resolution level such as a silent Single Nucleotide Polymorphism (SNP) in gpi that 
distinguishes between strains of L.infantum (Mauricio et al., 2006). Moreover, SNPs 
resulting in amino acid changes were also found in genes coding for enzymes giving 
indistinguishable electrophoretic profiles such as in nh2, which has the same protein 
band size for all L.donovani complex strains. These authors reported that MLST could 
be applied directly to clinical samples or to small-volume cultures. Furthermore, it can 
be used to detect recombination indirectly and for population genetics studies 
(Mauricio et al., 2006). Tsukayama et al  investigated the intraspecific and interspecific 
variation in the coding sequences of four enzymes (gpi, mdh, mpi and 6pgd), used in 
the MLEE typing method, in order to identify SNPs able to discriminate among closely 
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related species. The assay was applied to clinical samples and successfully identified 
the species of Leishmania responsible for the clinical disease (Tsukayama et al., 2009). 
However, the analysis did not include sufficient diversity of strains for each species 
(SchöNian et al., 2010). Recently, in another study a combination of the previous 
published enzyme-coding genes (fh, g6pdh, icd, mpi and pgd) was used so as to 
differentiate the Chinese Leishmania isolates and to investigate their phylogenetic 
relationships (Zhang et al., 2013). 
Multilocus microsatellite typing (MLMT) is based on the amplification of microsatellites 
sequences, tandem repeats of a simple nucleotide motif, 1-6 nucleotides, which are 
distributed abundantly in the eukaryotic and prokaryotic genomes and may reveal 
important strain polymorphisms. These markers are very useful for studying genetic 
variation between closely related organisms. Length polymorphisms in microsatellites 
sequences result from gain and loss of single repeat units which can be detected after 
amplification with specific to their flanking regions primers.  
MLMT approaches developed so far for Leishmania spp, make use of sets of 14–20 
unlinked microsatellite loci. Microsatellite loci with high discriminatory power and 
being suitable for characterizing closely related strains have been published for the 
L.donovani complex (M. Z. Alam et al., 2009; Gouzelou et al., 2012; M B Jamjoom et al., 
2002; Kuhls et al., 2007), L.donovani strains (Mohammad Zahangir Alam et al., 2009) 
L.major (M. B. Jamjoom et al., 2002), L.tropica (Azmi et al., 2012; Schwenkenbecher et 
al., 2006) and for species of the subgenus L. (Viannia) (Oddone et al., 2009). Moreover, 
as the genetic diversity of L.infantum strains has been the subject of intense interest, 
several studies used MLMT approaches for the evaluation of the genomic variation in 
L.infantum strains (Ochsenreither et al., 2006; Segatto et al., 2012). It is worth 
mentioning that when MLMT was compared with other molecular markers for strain 
typing of L.infantum, the results obtained with kDNA PCR-RFLP were comparable to 
MLMT. kDNA and MLMT presented the highest discriminatory power especially for the 
MON-1 strains discrimination and appeared to be the most adequate for strain 
fingerprinting. However, MLMT is advantageous over kDNA PCR-RFLP because of its 
better reproducibility and feasibility of inter-lab comparisons and the co-dominant 
character of the markers used, making MLMT suitable for population genetic studies 
(Botilde et al., 2006). MLMT is suitable for high-throughput analysis and the data 
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obtained are reproducible and exchangeable between laboratories. Moreover, 
accurate, quality-controlled microsatellite profiles can be stored in databases and 
compared between different laboratories. In contrast to MLEE, selection does not seem 
to act on polymorphisms in microsatellite length while also the codominant nature of 
these markers permits the detection of the allelic variants. MLMT can be used directly 
on biological samples without prior culture of the parasite. DNA extracted from 
specimens spotted on filter paper or glass slides or from old Giemsa stained microscope 
slides was successfully applied in MLMT approaches (M. Z. Alam et al., 2009). It is 
recommended to use a panel of 10–20 unlinked microsatellite markers in all studies for 
nearly every species because microsatellite sequences are prone to homoplasy. 
Additionally, polymorphic repeats are not conserved between different species of 




Phylogenetics is the study of evolutionary relationships among various groups of 
organisms (e.g., species or populations). Their relatedness is evaluated through 
morphological and molecular sequencing data. This analysis leads to a hypothesis about 
the evolutionary history of taxonomic groups, their phylogeny. Regarding evolution, it 
is considered to be a branching process. Populations are altered with time and may 
split into separate branches, hybridize or be eliminated. The order in which 
evolutionary events are assumed to have occurred is revealed and may be visualized in 
a phylogenetic tree. 
As mentioned before, MLEE is still regarded as the reference technique for the 
identification of Leishmania species and subspecies. The data obtained from MLEE 
were analyzed by phenetic and cladistic techniques and led to the construction of the 
first phylogenetic tree of the genus Leishmania (Rioux et al., 1990b). The latter, 
revealed the monophyletic origin of the genus Leishmania and its subdivision into two 
subgenera, the L.(Leishmania) and the L.(Viannia) subgenus. L.(Leishmania) included 
the Old World species and L.mexicana and complexes from the New World. L.(Viannia) 
subgenus was composed from the other New World species. As Sauroleishmania was 
considered to be a separate genus, the lizard species were not included in these 
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studies. MLEE has been applied to a great variety and amount of isolates in comparison 
to other molecular methods in the past 25 years, resulting in the current classification 
system (Cupolillo et al., 1994; Rioux et al., 1990b). Phylogenetics based on different 
molecular methods, has confirmed the previous suggested taxonomy of the genus 
Leishmania by MLEE. However, the existence of a larger number of species has been 
proposed.  
PCR-based methods with subsequent RFLP or DNA sequence analysis of multicopy 
targets or multigene families, to the recently developed MLST and MLMT, have been 
applied for the identification of the Leishmania species being responsible for the 
disease and for epidemiological studies in different endemic regions, as well as for 
taxonomic, phylogenetic, and population genetic studies. These tools except from their 
enhanced sensitivity they are also able to distinguish Leishmania parasites at species 
and intraspecies level. As for phylogenetic studies, the sequence analysis of single-copy 
gene targets is preferred while also the recombination and the different mutation rates 
between lineages make the use of one gene less suitable for the phylogenic analysis of 
the Trypanosomatidae or its subgroups(Schönian et al., 2013). 
Several DNA targets have been used to reveal the phylogeny of the Leishmania genus 
including single-copy genes encoding the catalytic polypeptide of DNA polymerase a 
(polA), the largest subunit of RNA polymerase II (rpoIILS) (Croan et al., 1997) and 7SL 
RNA (Zelazny et al., 2005), the ITS (Berzunza-Cruz et al., 2002; Dávila and Momen, 
2000), the N-acetylglucosamine-1-phosphate transferase (NAGT) gene (Waki et al., 
2007), the mitochondrial cytochrome b gene (cytb) (Asato et al., 2009), and most 
recently, sequences of the hsp70 subfamily (Fraga et al., 2010).  
Sequence analysis of these targets led to the conclusion that the subgenera L. 
(Leishmania) and L. (Viannia) constitute distinct monophyletic clades and that species 
of the Old and New World are segregated within the L. (Leishmania) subgenus. 
Sauroleishmania species branched off between the L.(Leishmania) and L.(Viannia) 
subgenera as an independent taxon suggesting that lizard Leishmania might be derived 
from mammalian parasites (Croan et al., 1997) and that they should be regarded as a 
subgenus of Leishmania rather than an independent genus (Noyes et al., 1998). 
However, the fact that RNA and DNA polymerase genes presented higher evolution 
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rate in the lizard Leishmania than in the mammalian Leishmania species set into 
question the exact taxonomic position of lizard parasites (Croan et al., 1997).  
In another study, Cupolillo et al. based on various molecular criteria, suggested the 
division of the genus Leishmania into two sections, Euleishmania and Paraleishmania. 
Euleishmania consisted of the subgenera L.(Leishmania), L.(Sauroleishmania), and 
L.(Viannia). Paraleishmania included L. hertigi, L.deanei, L.colombiensis, L.equatorensis, 
L.herreri, and strains of Endotrypanum. In the latter section, the parasites of 
hystricomorph rodents, L.hertigi and L.deanei and the remaining species that are 
mainly parasites of sloths were genetically different while strains of Endotrypanum 
formed a paraphyletic group (Cupolillo et al., 2000). 
More recently Fraga et al. analyzed the phylogeny of the genus Leishmania based on 
the hsp70 gene. In this study the isolates and strains used, were of different geographic 
origins. The resulting phylogeny supported that the monophyletic genus Leishmania 
consisted of three distinct subgenera, the L.(Leishmania), L.(Viannia), and 
L.(Sauroleishmania). The obtained phylogeny supported the following eight species: 
L.donovani, L.major, L.tropica, L.mexicana, L.lainsoni, L.naiffi, L.guyanensis and 
L.braziliensis. In some of these species, subspecies were recognized including 
L.donovani infantum, L.guyanensis panamensis, and L.braziliensis peruviana. The so far 
recognized species L.aethiopica, L.garnhami, and L.amazonensis did not form 
monophyletic clusters (Fraga et al., 2010).  
Several discrepancies were reported for the taxonomic status of species obtained by 
MLEE compared to DNA based sequences. It is worth mentioning that the existence of 
L.chagasi and L. archibaldi as distinct species, was not supported by any molecular 
analyses as L.chagasi cannot be distinguished from strains of L.infantum and should 
therefore be regarded as South American strains of L.infantum (Kuhls et al., 2011; 
Maurício et al., 2000) whereas L. archibaldi is not a valid species (M. B. Jamjoom et al., 
2002; Lukes et al., 2007). Numerous molecular studies did not even support the 
monophyly of the two remaining species, L.donovani and L.infantum (Asato et al., 2009; 
Croan et al., 1997; Fraga et al., 2010). Therefore, it was proposed that L.donovani is the 
only species of the L.donovani complex (Fraga et al., 2010) while L.donovani infantum 
was recognized as subspecies. Regarding other geographically defined genetic groups 
within L.donovani, it was suggested that they could be delimited. 
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Furthermore, the status of L.killicki has been debated. MLEE analysis supported the 
classification of L.killicki as a separate species while other molecular methods proposed 
that it was identical to L.tropica  (Asato et al., 2009; Schönian et al., 2001; 
Schwenkenbecher et al., 2006). At the same time, L.tropica clusters to a single branch 
with L.aethiopica, making it difficult to be distinguished by the most of the DNA-based 
phylogenies (Asato et al., 2009; Fraga et al., 2010; Zelazny et al., 2005). It was suggested 
that they may represent different subspecies of the species L.tropica which is however 
needed to be investigated with a larger number of strains. 
Another discrepancy concerns the existence of the L.mexicana complex species. The 
strains of L.mexicana and L.amazonensis species are overpresented in DNA based 
phylogenies while only one L. garnhami strain was analysed in the hsp70 trees. In the 
latter study, none of these species could be distinguished as a monophyletic clade and 
L.mexicana was the only recognized species (Fraga et al., 2010). These results are in 
agreement with previous published studies (Croan et al., 1997; Spanakos et al., 2008; 
Yurchenko et al., 2006) whereas they are in contrast to others (Asato et al., 2009; 
Berzunza-Cruz et al., 2002; Zelazny et al., 2005). Thus, the L.mexicana complex should 
be investigated, including L.venezuelensis and L.aristidesi strains, in order to evaluate 
the species and subspecies constituting this complex. 
The same holds true for the L.braziliensis complex species. Several molecular 
phylogenies including hsp70, RAPD and MLEE, supported the distinction of L.peruviana 
from other strains of L.braziliensis (Banũls et al., 1999; Fraga et al., 2010) and it was 
recognized as a subspecies in the L.braziliensis complex. However, this classification 
was questioned by a study using monoclonal antibodies (Grimaldi and Tesh, 1993) and 
another one analyzing the microsatellite variation (Oddone et al., 2009) which 
suggested that strains of L.peruviana were grouped together with strains of 
L.braziliensis from Peru and from the Acre State, a Brazilian region bordering Peru. The 
use of a sufficiently large number of strains from different areas of distribution is 
needed so as the taxonomic status of the repsesentatives of the L.braziliensis complex 
to be evaluated. Moreover, in different phylogenetic trees, strains of L.guyanensis and 
L.panamensis formed a monophyletic cluster which was then divided into two 
monophyletic subclusters. Thus, the existence of two subspecies within the species 
L.guyanensis was proposed. A possible explanation for these discrepancies reported in 
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different studies regarding the taxonomic status of both L.peruviana and L.panamensis, 
is the application of different molecular markers and the analysis of different strains. 
Several molecular methods including MLEE (Cupolillo et al., 1994), PCR-RFLP of ITSrDNA 
(Cupolillo et al., 1995) and PCR-RFLP and sequence analysis of the hsp70 gene (da Silva 
et al., 2010), were also suggested the inclusion of L.shawi in the L. guyanensis group. 
The same applies for L.naiffi whereas L.lainsoni was confirmed to be the most divergent 
species inside the L.(Viannia) subgenus (da Silva et al., 2010; Fraga et al., 2010). 
Noyes et al. (2002) identified a parasite isolated from human cutaneous lesions. Both 
stains were analysed by MLEE and found to be identical to each other and distantly 
related to all other Leishmania species. The application of other molecular methods 
revealed a low support for both its position basal to all Euleishmania and its clustering 
with L.enriettii. Thus, it was suggested that this strain may cluster with L.(Leishmania) 
or L.(Viannia) or form a novel clade within the Euleishmania either with or without 
L.enriettii (Noyes et al., 2002).  
Recently Leishmania species isolated from clinical samples from immunocompetent 
and immunosuppressed patients in Thailand (Suankratay et al., 2010; Sukmee et al., 
2008) and a focal CL outbreak in Ghana (Villinski et al., 2008) were identified and named 
as L.siamensis. Furthermore, novel Leishmania species, genetically indistinguishable, 
were isolated from kangaroos, wallaroos, and wallabies, living in captivity in the 
Northern Territory of Australia, a region that was considered free of Leishmania 
parasites (Rose et al., 2004). Additionally, autochthonous cases of CL in German and 
Swiss horses and in a Swiss cow could not be classified neither as Old World nor New 
World Leishmania species while they were found to be most closely related to 
L.siamensis (Lobsiger et al., 2010; Müller et al., 2009). 
Finally, two new L.(Viannia) species were described and named L.lindenbergi (Silveira 
et al., 2002) and L.utingensis. The last one was represented by only one sample isolated 
from a Lutzomyia tuberculata sand fly. Although the sequence analysis of single-copy 
gene targets has shown to be informative, the use of several independent genes 
displaying different evolutionary histories is preferable (Simpson et al., 2006). Such 
genes have applied in MLST and provided new insights on taxonomy and evolutionary 
history of Leishmania. MLST is currently considered the most powerful phylogenetic 
approach, it has been shown to have high discriminatory power, reproducibility and 
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transportability of results between laboratories. Thus far, there are 10 published MLST 
targets available for the L.donovani complex (Mauricio et al., 2006; Zemanová et al., 
2007), most of which are also applicable to other Old World Leishmania (Miles et al., 
2009) and 4 targets for the sub-genus Leishmania (Viannia) (Tsukayama et al., 2009). 
This should form a complete MLST system applicable to Leishmania parasites. 
 
Conclusions 
Molecular methods have revolutionized the diagnosis of Leishmaniasis. A variety of 
target sequences has been used and evaluated in different clinical samples of parasite 
hosts. Regarding PCR based assays, they were found to be rapid, sensitive and 
discriminative at species or even strain level. However, the diagnosis of Leishmaniasis 
remains a scientific challenge. There is a gap between the scientific advances, 
diagnostics and management of Leishmania infections in the field which should be 
decreased and an urgent need for standardization, optimization and simplification of 
PCR based applications. In this context, there is a generalized effort to make these 
assays available mainly in endemic areas around the world which will have an impact 
in disease control.  
The great scientific interest for species identification may be attributed to its great 
significance in prompt diagnosis and prognosis of the disease, decision making 
regarding treatment and control measures. Despite the abundance of the studies 
carried out and the molecular markers used so far, the species discrimination is still 
difficult in several closely related species. Thus, molecular tools with great 
discriminatory power are constantly developed, evaluated and improved.  
Many molecular tools have been used for the Leishmania phylogeny and the definition 
of its taxonomy. However, evaluation of the phylogenetic relationships of Leishmania 
species is not an easy task. Moreover, there is a need for simplification of the 
classification and a meaningful nomenclature of Leishmania genus particularly for the 
clinicians. The recently developed MLST is likely to become the gold standard basis for 
taxonomy and identification of Leishmania.  
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Although the existence of a sylvatic transmission cycle of Leishmania spp, independent 
from the domestic cycle, has been proposed, data are scarce on Leishmania infection 
in wild mammals in Greece. In this study we aimed to investigate the presence of 
Leishmania infection in the European brown hare in Greece, to infer the phylogenetic 
position of the Leishmania parasites detected in hares in Greece and to identify any 
possible correlation between Leishmania infection in hares with environmental 
parameters, using the geographical information system (GIS). Spleen samples from 166 
hares were tested by internal transcribed spacer-1 (ITS-1) nested PCR for the detection 
of Leishmania DNA. Phylogenetic analysis was performed on Leishmania sequences 
from hares in Greece in conjunction with Leishmania sequences from dogs in Greece 
and 46 Leishmania sequences retrieved from GenBank. The Leishmania DNA 
prevalence in hares was found to be 23.49% (95% CI: 17.27 - 30.69). The phylogenetic 
analysis confirmed that the Leishmania sequences from hares in Greece belong in the 
Leishmania donovani complex. The widespread Leishmania infection in hares should be 
taken into consideration because under specific circumstances this species can act as a 
reservoir host. This study suggests that the role of wild animals, including hares, in the 
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Leishmaniasis is a vector-borne mammalian disease caused by a protozoan flagellate of 
the genus Leishmania, transmitted by phlebotomine sandfly species. Dogs are the 
major reservoir host of Leishmania infantum. However, Leishmania infection has been 
also described in cats, equines and wild mammals including lagomorphs (Gramiccia 
2011; Molina et al. 2012; Ruiz-Fons et al. 2013; Moreno et al. 2014; Jiménez et al. 2014; 
Souza et al. 2014). 
Greece is considered to be an endemic country for leishmaniasis. The visceral form of 
the disease, caused by L. infantum, is the predominant one, endemic in nearly all 
geographical areas of the country. Cutaneous leishmaniasis caused by L. tropica and L. 
infantum in some cases, is also present but it occurs sporadically (Gkolfinopoulou et al. 
2013). The overall reported seroprevalence in the canine population in seven regions 
of the Greek mainland was nearly 20% ranging from 2.05% in Florina to 30.12% in Attiki 
(Athanasiou et al. 2012) while the seroprevalence was 3.87% in clinically healthy stray 
cats living in the area of Thessaloniki (Diakou et al. 2009) and a very low seroprevalence 
(0.3%) has been reported in horses in Attiki (Kouam et al. 2010).  
Although the existence of a sylvatic transmission cycle that is independent from the 
domestic cycle has been proposed (Sobrino et al. 2008; Molina et al. 2012; Millán et al. 
2014), there is a scarcity of data on Leishmania infection in wild mammals in Greece, a 
highly endemic country for canine leishmaniasis. Regarding the lagomorphs, there are 
no data in the countries of the Mediterranean basin including Greece. However, several 
studies conducted in Spain, revealed a 43.6% Leishmania DNA prevalence (Ruiz-Fons et 
al. 2013) and 74.1% seroprevalence in hares (Moreno et al. 2014). Moreover, four out 
of seven apparently healthy hares submitted to xenodiagnosis, were able to infect a 
mean 4.7%  
Phlebotomus perniciosus sand flies (0–10.6%), a competent L.infantum vector, 
suggesting that hares may represent a secondary reservoir in the sylvatic transmission 
cycle of L. infantum in that region (Molina et al. 2012). 
Sequence data of the ribosomal RNA (rRNA) gene, in particular the two highly variable 
internal transcribed spacer regions (ITS-1 and ITS-2), have been used to resolve 
taxonomic questions and to determine phylogenetic affinities among closely related 
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Leishmania species (Dávila et al. 2000; Schönian et al. 2000; El Tai et al. 2001; Kuhls et 
al. 2005; Parvizi et al. 2008; Yang et al. 2010; Wang et al. 2010; Hajjaran et al. 2013). 
The sequences of seven Leishmania parasites detected in hares were used for the 
phylogenetic analysis in conjunction with three sequences of Leishmania parasites 
detected in dogs in Greece and 46 Leishmania sequences retrieved from GenBank. Our 
work is a first attempt to investigate the presence of Leishmania infection in hares 
(Lepus europaeus) in Greece, to identify the environmental parameters related to 
Leishmania infection in hares using GIS and statistical analysis and to infer the 
phylogenetic position of the Leishmania sequences from hares in Greece.  
 
 Materials and Methods  
Hare and canine samples, DNA extraction, ITS-1 nested PCR and Sequencing 
Spleen hare samples (n=166) were collected in the prefectures of Thessaloniki (n=82) 
and Chalkidiki (n=84) (Northern Greece) from 2007 to 2011. The samples were stored 
at the Research Division, Hunting Federation of Macedonia and Thrace, Thessaloniki, 
Greece, and later submitted still frozen to the Laboratory of Microbiology and 
Parasitology, Faculty of Veterinary Medicine, University of Thessaly, Greece, where 
they were stored at −80°C. Data on hare specimens were located in the field using 
handheld global positioning system (GPS) units. Canine lymph node aspirates were 
collected from three dogs with diagnosed canine leishmaniasis in the prefecture of 
Thessaloniki. The canine samples were submitted to the Laboratory of Microbiology 
and Parasitology, University of Thessaly, Greece, within 24 hours after collection and 
they were immediately stored at -20˚C pending DNA extraction. 
Total genomic DNA extraction was performed using a commercially available DNA 
extraction kit (Thermo Scientific GeneJET Genomic DNA Purification Kit) according to 
the manufacturer’s protocol. The purified DNA was stored at -20˚C.  
The samples were analyzed by ITS-1 nested PCR (ITS-1 nPCR) as described previously 
(Leite  et al. 2010). Primers addressed to ITS-1 between the genes coding for SSU rRNA 
and 5.8SrRNA were used. For the first amplification 5 μl of DNA solution was added to 
45.0 μl of PCR mix containing 25 pmol of the primers 5’-CTGGATCATTTTCCGATG-3’ and 
5’-TGATACCACTTATCGCACTT-3’ and 0.2mM deoxynucleoside triphosphates, 1.5 mM 
MgCl2, 5mM KCl, 75mM Tris–HCl pH 9.0, and 2U of AmpliTaq DNA polymerase (Applied 
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Biosystems). The cycling conditions were initial denaturation at 95 ◦C for 2min followed 
by 34 cycles consisting of denaturation at 95 ◦C for 20 s, annealing at 53 ◦C for 30 s, 
and extension at 72 ◦C for 1 min, followed by a final extension at 72 ◦C for 6 min. 
Amplification products were subjected to electrophoresis in 2% agarose gel stained 
with ethidium bromide (0.5 μg/ml) and visualized under ultraviolet light. The PCR 
product size stays between 300 and 350 bp. For the second amplification 10.0 μl of a 
1:40 dilution of the first PCR product was added to 15 μl of PCR mix under the same 
conditions as the first amplification but with the following primers: 5’-
CATTTTCCGATGATTACACC-3’ and 5’-CGTTCTTCAACGAAATAGG-3’. Amplification 
products were visualized on 2% agarose gel stained with ethidium bromide (0.5 μg/ml). 
The PCR product size stays between 280 and 330bp.  
Amplicons from seven randomly selected Leishmania PCR positive hares were 
sequenced in order to perform the initial identification of the phylogenetic position of 
the Leishmania parasites detected in hares within the Leishmania spp. Furthermore, 
amplicons from three Leishmania PCR positive dogs were sequenced. Sequence 
analysis was performed on a part of the rRNA gene (ITS-1 region). The positive PCR 
product was purified using the PureLink PCR purification kit (Invitrogen) and was 
bidirectionally sequenced using the fluorescent BigDye Terminator Cycle sequencing 
kit v3.1 (Applied Biosystems), followed by fragment separation with a 3,730xl DNA 
analyzer (Applied Biosystems). The sequences have been deposited in GenBank under 
accession numbers KP410398- KP410407 (Table 1) and they were used for the 
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Table 1. List of database accession numbers and origin of the Leishmania strains used in this study. 
Leishmania species 
 
GenBank accession number Origin 
   
L.donovani AJ634360 Ethiopia 
L.donovani AJ634359 Sudan 
L.donovani AM901450 India 
L.infantum GQ444144 Iran 
L.infantum FM164420 Uzbekistan 
L.infantum EU326227 Brazil 
L.infantum AJ634355 Spain 
L.infantum AJ634354 Italy 
L.infantum AJ634351 France 
L.infantum AJ634350 Malta 
L.infantum AJ634344 Portugal 
L.chagasi AJ000306 Brazil 
L.infantum AJ000289 Tunisia 
L. infantum GQ367487 China 
L.donovani AJ000294 China 
L.donovani HM130608 China 
L.donovani AM901452 Iraq 
L.donovani EU753232 India 
L.donovani AM901449 India 
L.donovani AJ276258 Sudan 
L.donovani AM901453 Morocco 
L.donovani AJ249614 Sudan 
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L.donovani AJ276260 Sudan 
L.donovani AM901448 Sri lanka 
L.donovani AJ634374 Kenya 
L.donovani AJ634373 Ethiopia 
L.infantumα AJ634371 Sudan 
L.donovani AJ249616 Sudan 
L.donovani AJ249615 Sudan 
L.donovani AJ249621 Sudan 
L.donovani complex  
(GRE 3 hare) 
KP410403 Greece 
L.donovani complex  
(GRE 1 dog) 
KP410398 Greece 
L.donovani complex 
(GRE 2 dog) 
KP410399 Greece 
L.donovani complex 
 (GRE 3 dog) 
KP410400 Greece 
L.donovani complex  
(GRE 1 hare) 
KP410401 Greece 
L.donovani complex 
(GRE 2 hare) 
KP410402 Greece 
L.donovani complex 
(GRE 5 hare) 
KP410405 Greece 
L.donovani complex 
(GRE 6 hare) 
KP410406 Greece 
L.donovani complex 
(GRE 7 hare) 
KP410407 Greece 
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(GRE 4 hare) 
KP410404 Greece 
L.tropica AJ300485 Tunisia 
L.tropica GQ913688 Afghanistan 
L.tropica FJ460459 India 
L.major AY260965 Iran 
L.major AJ300482 Kenya 
L.major AJ272383 Turkmenistan 
L.turanica EF413079 Iran 
L.turanica AJ272378 Uzbekistan 
L.turanica AJ272379 Turkmenistan 
L.gerbilli AJ300486 Uzbekistan 
L.aethiopica GQ920677 - 
L.aethiopica GQ920673 - 
L.mexicana AF466383 - 
L.mexicana FJ948433 - 
L.amazonensis AF339753 - 
L.panamensis FJ948442 - 
 
aIdentified as L.infantum according to the zymodeme, MON30, whereas recent analyses have shown that 
it is L.donovani (Zemanová et al. 2004; Jamjoom et al. 2004). 
 
Geographical Information System (GIS) and statistical analysis 
The GIS layers were obtained from climate, elevation and land cover data bases 
acquired from the network. Altitude was extracted from a digital elevation model 
(DEM) with a spatial resolution of 1 square kilometer. Land uses were determined from 
the Corine Land Cover 2000 database (European Environment Agency-EEA) and the 
ArcGIS online application. Climate data were derived from World Clim database. 
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The livestock raw data were provided from Payment and Control Agency for Guidance 
and Guarantee Community Aid. New layers were created to represent the towns and 
villages, the distance from the nearest village, the distance from water presence and 
the density of livestock. Crop types were calculated in a buffer zone of 1km from the 
sample coordinates (Table 2). All data layers were converted to a common projection, 
map extent and resolution. ArcGIS 10.1 GIS software (ESRI, Redlands, CA, USA) was 
used for data analysis.  
 
Table 2. Environmental variables used in the analysis 
Variable Value Source 
Slope (degrees) at  500- and 1000-m radii X, SD, min, max DEM 
Topographic position index (4 classes) binary  DEM 
Altitude continuous DEM 
Aspect N,W,S,E DEM 
Distance from nearest village (m) continuous ArcGIS-WMS 
Distance from water (m) continuous ArcGIS-DEM 
Distance from rivers (m) continuous ArcGIS-DEM 
Distance from game refuges continuous GEoDatabase 
Distance from road network (2 classes: forest-paved) continuous GEoDatabase 
Distance from livestock farms continuous GEoDatabase 
Farms density-livestock density continuous GEoDatabase 





19 Climatic variables (Temperature 11 indices, Precipitation 
8 indices)  
continuous World Clim 
Database 
NDVI (Normalized Difference Vegetation Index) 12 indices continuous World Clim 
Database 
Population density continuous GEoDatabase 
 
Statistical analysis was performed with IBM SPSS 22.0 using basic descriptive and 
multivariate statistics (Gray and Kinnear 2012). We used the aforementioned 
bioclimatic and environmental variables in order to test if the bivariate dependent 
variable (DV) - Leishmania positive or negative hares - is related to some of the 
independent variables (IV). Because of the big set of IVs, we first tried to find some 
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factors (new variables) which may represent the most of the variability of the data. We 
used the exploratory factor analysis for this. The purpose was to use these factors in a 
bivariate logistic regression model that would be able to predict the positive hares 
when some IVs would take a range of values (Tabachnick and Fidell  2007). We set the 
significance level to p = 5%. 
  
Phylogenetic analysis 
Molecular evolutionary analyses were conducted on nucleotide sequences of 
Leishmania parasites detected in hares and dogs in Greece and on Leishmania 
sequences that were retrieved from the EMBL database, using the program MEGA 6 
(Table 1).  
To determine the appropriate model of sequence evolution and statistically compare 
successively nested more parameter-rich models for this data set, the program 
MODELTEST Version 3.6 (Posada and Crandall 1998) was used. With a statistical 
significance of P=0.01 the HKY85 model (Hasegawa et al. 1985), with gamma 
correction, obtained the best likelihood score and was thus selected for subsequent 
analysis. Maximum parsimony (MP) tree was constructed under the heuristic search 
option with 100 random-taxon-addition replicates and tree bisection–reconnection 
branch swapping, using PAUP*. Node support was assessed on the basis of 1000 
bootstrap replicates.  
A Bayesian analysis was also performed with MRBAYES version 3.1 (Huelsenbeck and 
Ronquist 2001), under the HKY85 model of sequence evolution. Depending on the data 
set, random starting trees run for 2 × 106 to 8 × 106 generations were used, sampled 
every 100 generations. Burn-in frequency was set to the first 25% of the sampled trees. 
With some minor differences, the phylogenetic tree based on the Bayesian analysis as 
well as MP tree showed similar topologies (the tree is available on request).  
Results 
ITS-1 nested PCR and Sequencing 
Overall 39 out of 166 hare samples (23.49%, 95% CI: 17.27 - 30.69) were positive for 
the presence of Leishmania DNA (Thessaloniki 17.1%, 95% CI: 9.7-27.0 and Chalkidiki 
29.8%, 95% CI: 20.3-40.7). The distribution of the Leishmania positive hares is shown 
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in Fig. 1. The three canine samples collected from dogs diagnosed with canine 
leishmaniasis, were PCR positive. Seven amplicons from Leishmania PCR positive hares 
and the three amplicons from Leishmania PCR positive dogs were sequenced.  
 
Figure 1. Map of Greece showing the geographical distribution of Leishmania PCR 
positive hares. Map of Greece showing the geographical distribution of Leishmania PCR 
positive hares between 2007 and 2011 in the prefectures of Thessaloniki and Chalkidiki. 
Red and blue dots indicate the Leishmania PCR positive and the Leishmania PCR 
negative hares respectively.  
 
GIS and statistical analysis 
The Leishmania positive hares were found in shrubland with pastures, in agricultural 
areas and in broadleaved forests with a mean altitude of 225.38 m asl (range 35-750 ± 
200.48 SD) while the mean distance from villages and towns was 2.472 m asl (range 
850-4661± 1029.02 SD). Fifty-four percent and 42% of the positive hare samples were 
found in crop types of wheat fields and in olive tree plantations respectively. The 
remaining 4% of the positive hare samples were found in cotton and forage plants 
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types. The mean livestock density in the study area (1km buffer zone) was 38.42 
livestock animals (range 0-200 ± 47.36 SD). The number of sheep and goats ranged 
from 5 to 880 (± 151.9 SD) and the number of cattle ranged from 2 to 330 (± 77.48 SD). 
The positive hare samples were detected within a mean distance of 1169.85 m (range 
10-7285 ± 1240.94 SD) from bodies of water. The mean annual temperature was 14.8 
0C (range 11.7-16.4 ± 12.24 SD) in the prefectures studied during the study period while 
the mean annual precipitation recorded was 474.82 mm (range 443-527 ± 23.76 SD) 
and the annual average humidity reached 67.5%.  
We used the exploratory factor analysis three times. One to reduce the variables 
related to temperature, one to reduce the variables related to precipitation and one 
for the vegetation index variables. Using the criterion of eigenvalues of more than 1, 
the procedure generated three factors for every group of variables. By entering these 
variables to the bivariate logistic regression procedure, together with the variables 
related to the distance from rivers, villages etc., we did not find a single significant 
relationship between the DV and the IVs. We then checked the simple biserial 
correlations between the DV and the IVs. We found that five bioclimatic variables were 
correlated with the DV, as shown in Table 3. We used these variables in a logistic 
regression procedure and found only one slightly significant relationship. We found 
that the presence of Leishmania DNA in hares may be influenced by the precipitation 
seasonality variable. This variable is produced by the division of the standard deviation 
of the annual precipitation with the mean value of annual precipitation, that is, the 
coefficient of variation. However, this relationship is significant only at the 90% level. 
Table 3 shows the results of the logistic regression. We can interpret this finding as 
follows: we are 90% sure that an increase of one unit in the precipitation seasonality is 
expected to increase by 6.1% the odds of hares to be Leishmania positive. This means 
that in such a case a hare will have a probability of about 52% to be Leishmania positive. 
Since we do not know the real probability for positives (instead of the initial scenario 
of 50% probability) the above finding may be indicative. However, the fact that the 95% 
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Table 3. Independent variables related to the dependent one 
 
Phylogenetic analysis 
The phylogenetic analysis performed on 56 Leishmania sequences, including seven 
Greek hare and three Greek canine Leishmania sequences revealed that the homology 
of the nucleotide sequences between the seven Greek Leishmania sequences from 
hares was 99.1%. The homology of the nucleotide sequences between the seven hare 
and the three canine Leishmania sequences from Greece was 98.9%, as well as the 
homology of the nucleotide sequences between the Greek Leishmania sequences and 
the strains belonging to Leishmania donovani complex which were retrieved from 
GenBank. 
The Greek sequences belonged to the L.donovani complex and they did not form a 
monophyletic group. Two major clades (I and II) could be recognized for the L. donovani 
complex in the maximum parsimony tree based on the ITS-1 sequences (Fig. 2). Clade I 
included six Leishmania sequences detected in hares in Greece. These sequences 
formed a strongly supported clade (Clade I: Leishmania sp.; BP=81%) which was further 
divided into two subclades (Ia and Ib). Clade II included three canine (GRE1 dog, GRE2 
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the L. donovani complex strains retrieved from GenBank. This clade was further divided 
into two subclades (IIa and IIb).  
 
 
Institutional Repository - Library & Information Centre - University of Thessaly
07/06/2020 02:56:41 EEST - 137.108.70.13
136 
 
Figure 2. Phylogenetic tree constructed based on ITS-1 sequences of 56 Leishmania 
isolates in this study Phylogenetic tree based on Maximum Parsimony analysis from 56 
Leishmania sequences (ITS-1 between the genes coding for SSU rRNA and 5.8SrRNA) 
including the 10 Greek Leishmania sequences under study, GRE1 hare, GRE2 hare, 
GRE3 hare, GRE4 hare, GRE5 hare, GRE6 hare, GRE7 hare, GRE1 dog, GRE2 dog, GRE3 
dog. With some minor differences, the phylogenetic tree based on the Bayesian 
analysis (available on request) showed similar topologies. The main branches exhibited 
high bootstrap values and high posterior probabilities (Bayesian analysis) and clearly 
separated groups in distinct clades. 
 
Discussion 
This study was a preliminary attempt to detect Leishmania infection in European brown 
hares (Lepus europaeus) in Greece and to identify the environmental parameters 
related to Leishmania infection using GIS and statistical analysis. Moreover, we aimed 
to infer the phylogenetic position of the Leishmania sequences from hares and dogs in 
Greece. This is the first report of Leishmania infection in hares in Greece and our results 
are in close agreement with the previous reports regarding the susceptibility of hares 
to Leishmania infection (Ruiz-Fons et al. 2013). The high prevalence of infection 
(23.49%) found in our study together with the infectiousness of hares to sand flies and 
the feeding preference of the latter for hares as documented earlier in Spain (Molina 
et al. 2012; Jiménez et al. 2013), raises a concern about the role of hares in the 
epidemiology of Leishmania spp in Greece. Moreover, the similarity detected between 
the hare and the canine Leishmania sequences from Greece (98.9%. homology of the 
nucleotide sequences), could probably be indicative of a possible overlapping of wild 
and domestic transmission cycles of Leishmania spp. However, this hypothesis needs 
further investigation.  
Interestingly, the GIS analysis revealed that the positive hare samples were found in a 
mean altitude of 225.38 meters above sea level (range 35-750 ± 200.48 SD) while the 
mean distance was 2.472 m (range 850-4661± 1029.02 SD) and 1169.85 m (range 10-
7285 ± 1240.94 SD) from villages and towns and bodies of water respectively. 
Moreover, in a buffer zone of 1 km the mean livestock density was 38.42 (range 0-200 
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± 47.36 SD). The Leishmania positive hares were found in areas with 67.5% annual 
average humidity, 474.82 mm (range 443-527 ± 23.76 SD) mean annual precipitation 
and 14.8 0C (range 11.7-16.4 ± 12.24 SD) mean annual temperature. The statistical 
analysis showed that the presence of Leishmania DNA in hares may be influenced by 
the precipitation seasonality variable, suggesting that an increase of one unit in the 
precipitation seasonality is expected to increase the odds of hares to be Leishmania 
positive by 6.1%. However, this relationship was significant only at the 90% level and it 
should be correlated with the vector abundance and the phlebotomine sandfly species 
diversity.  
The hare and canine Leishmania sequences in this study had a basal position in the 
L.donovani complex. Six hare sequences (Clade I) formed a separate branch from the 
three canine and one hare Leishmania sequence from Greece and all the L.donovani 
complex strains retrieved from GenBank (Clade II).  
The mean annual incidence of reported human leishmaniasis cases in Greece between 
1998 and 2011 was 0.36 cases per 100,000 population, with fluctuation during this 
period, generally decreasing after 2007, with a small re-increase in 2011 
(Gkolfinopoulou et al. 2013). During our study time period, three human cases were 
reported in the prefecture of Thessaloniki whereas no human cases were reported in 
the prefecture of Chalkidiki (HCDCP). Regarding the canine population, the 
seropositivity reported from 2005-2010 was 29.81-42.00% in Thessaloniki and 0.01-
10.66% in Chalkidiki (Ntais et al. 2013). Thus far, we have no indication that there is an 
association between the human leishmaniasis cases and the infected hares in the 
prefectures studied partly due to the low number of officially reported human cases 
and also probably because they do not share the same living space. Moreover, the 
Leishmania DNA prevalence found in hares in Chalkidiki and Thessaloniki in conjunction 
with the seropositivity rates in canine population (Ntais et al. 2013) and the reported 
human leishmaniasis cases (HCDCP) in the same prefectures during the same study 
period leads to the hypothesis that leishmaniasis is still in the sylvatic transmission cycle 
in Chalkidiki whereas it seems that an overlapping of sylvatic and domestic transmission 
cycles occurs in Thessaloniki. It is well known that leishmaniasis involves a complex 
interplay between the protozoon pathogen Leishmania, the arthropod vectors 
sandflies, the environmental influence on vector distribution, the primary and 
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secondary reservoirs of infection and the susceptible human populations thus making 
necessary the simultaneous investigation of these factors in order to infer the role of a 
mammalian host in the epidemiology of leishmaniasis. However, the investigation of 
Leishmania infection in different hosts is crucial in order to design further 
epidemiological studies, control and prevention strategies. Thus, the widespread 
Leishmania infection in hares in the prefectures studied in Greece should be taken into 
consideration because as reported by Molina et al. (2012), under specific circumstances 
including an unusual increase in hare population, high density of sandflies and a low 
level of immunity in the human population, this species can act as a reservoir host.   
Further studies including Leishmania sequences from human cases, domestic and wild 
animals and sandflies from Greece and the neighboring countries will give insight into 
the phylogenetic position of the Leishmania spp circulating in Greece and the 
evolutionary history among Greek isolates. The role of the different hosts in the 
epidemiology of leishmaniasis in Greece deserves further investigation together with 
the estimation of the vector abundance, distribution and diversity. In particular, the 
role of wild mammals in the transmission cycle of Leishmania spp which remains largely 
unknown in Greece, a highly endemic country for canine leishmaniasis, needs further 
elucidation. Studies in endemic and non-endemic areas in the mainland and the islands 
of Greece, including the vector abundance and the species diversity, will reveal the role 
of hares in the epidemiology of Leishmania spp in Greece.  
 
Compliance with ethical standards  
The hare samples examined for the presence of Leishmania DNA in this study, 
represent archived material collected opportunistically (no active capture, killing and 
sampling of wild animals specifically for this study was performed) from animals hunter-
harvested by members of the Greek Hunting Federation of Macedonia and Thrace, 
during the hunting seasons, according to the prerequisites of the Greek Legislation 
(Ministerial Decision 103305/6093/14-11-2007, FEK 1626/Β΄/13.8.2008, FEK 
1611/Β΄/2009, FEK 1183/6-8-2010, FEK 1763/4-8-2011), or from hares found dead and 
submitted to our laboratory for Passive Wildlife Disease surveillance during the period 
2007–2011. Thus, special approval was not necessary and steps to ameliorate suffering 
were not applicable in this study. Research on animals as defined in the EU Ethics for 
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Researchers document (European Commission, 2007, Ethics for Researchers - 
Facilitating Research Excellence in FP7, Luxembourg: Office for Official Publications of 
the European Communities, ISBN 978-92-79-05474-7) is not a part of the study. 
The canine samples included in this study were collected by private practicing 
veterinarians. No animals were euthanised during the study and efforts taken to 
ameliorate animal suffering. The study did not involve any experimentation but was 
based on samples that had been collected from the dogs for routine diagnostic 
purposes. Diagnostic veterinary procedures are not within the context of relevant EU 
legislation for animal experimentations (Directive 86/609/EC) and may be performed 
in order to diagnose animal diseases and improve animal welfare. 
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IN EUROPEAN BROWN HARE (LEPUS EUROPAEUS) IN GREECE; INFERRING THE 
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The occurrence of infection and/or exposure to Toxoplasma gondii, Neospora 
caninum and Leishmania infantum was investigated in European brown hares (Lepus 
europaeus) hunter harvested during two-year hunting periods in northern and central 
Greece. Geographical information system (GIS) together with the Ecological Niche 
Model (ENM) were used to define the geographical distribution of seropositive hares 
in relation to environmental parameters and to identify high-risk areas for hare 
exposure. Molecular analysis showed that 3.8% and 9.6% of the examined hares were 
N.caninum and L.infantum infected respectively, while, 5.7%, 0.95% and 12.4% of the 
hares reacted positively for the presence of antibodies against T.gondii, N.caninum 
and L.infantum respectively. None of the examined hares was PCR positive for 
T.gondii. Mixed exposure against both T. gondii and L. infantum was found in 2.9% of 
the hares examined. Rainfall indices and land uses were significantly influential for 
hare exposure to T.gondii and L.infantum. This is the first molecular and serological 
survey of protozoan pathogens in European brown hare in Greece. Furthermore, we 
report the environmental parameters related to hare seropositivity and we present a 
risk map for hare exposure to T.gondii and L.infantum in northern and central Greece.  
The ecological niche of T. gondii and L. infantum in hares herein presented could be 
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The European brown hare (Lepus europaeus) presents a remarkable ecological 
plasticity and it is thus encountered in very different kinds of habitat (Alves et al., 2008). 
The epizootiological importance of this species stems for the fact that it maintains the 
so-called home range (Kunst et al., 2001), being thus prone to many infectious diseases 
of natural nidality while also being a susceptible bio-indicator of environmental changes 
(Treml et al., 2007). Besides, hare share the same living space with other wild and free-
ranging animals including canids, felids and large birds of prey,  which comprise its 
natural predators (Alves et al., 2008) and hunting grounds with domestic dogs.  
 Domestic and free-ranging felids are the only definitive known hosts for T. gondii, able 
to produce and shed the environmentally-resistant stage, oocysts, in their feces. Hares 
are regarded as exceptionally susceptible to primary infection (Gustafsson et al., 1997; 
Jokelainen et al., 2011). Infected hares can represent a potential source of T. gondii for 
other animals, especially for carnivores but also for humans (Bártová et al., 2010).  
Canids including dog, coyotes (Canis latrans) (Gondim et al., 2004), Australian dingoes 
(Canis lupus dingo) (King et al., 2010) and gray wolves (Canis lupus) (Dubey and Schares, 
2011) are natural definitive hosts for N. caninum, shedding oocysts in their faeces while 
wild herbivores are intermediate hosts in the sylvatic cycle of the parasite (Gondim, 
2006). Regarding hares, they are considered a potential source of N. caninum infection 
especially for carnivores (Bártová et al., 2010).  
The domestic dog is the most important vertebrate host and the main reservoir for L. 
infantum. The role of the cat has yet to be defined (Giannakopoulos et al., 2017) while 
several wild mammal species are susceptible to L. infantum infection (Souza et al., 
2014). Recently, the unexpected role of hares as a sylvatic reservoir of L. infantum was 
revealed through the investigation of the outbreak of human leishmaniasis cases in the 
south-western Madrid region (Molina et al., 2012) while Leishmania infection in hares 
was also reported in Northern Greece (Tsokana et al., 2015).  
Geographic Information Systems (GIS) have been used in several studies for 
surveillance and monitoring of different pathogens (Jores et al., 2008; Valiakos et al., 
2014), identification of environmental parameters related to occurrence of pathogens 
in domestic and wild animals (Giannakopoulos et al., 2016; Miller et al., 2002), risk 
assessment (Valle and Tucker Lima, 2014) and creation of risk maps for the presence 
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of infected individuals (Giannakopoulos et al., 2016).  MaxEnt a method that uses 
presence-only data (Phillips et al., 2006) has been applied successfully to predict the 
spread of important infectious diseases such as Leishmaniasis, dengue fever and 
monkeypox (Arboleda et al., 2009; Giannakopoulos et al., 2016; Nakazawa et al., 2013).  
The epidemiological studies on wildlife are scanty in Greece while to our knowledge, 
there are limited data available on parasitic pathogens in the hare population. The aims 
of this study were a) to define the infection and exposure status of European Brown 
hares from northern and central Greece against T.gondii, N.caninum and L.infantum, 
b) to identify the environmental parameters related with hare exposure to T.gondii and 
L.infantum using GIS and ENM analysis c) to create risk maps and to define the high-
risk areas for hare exposure to these pathogens. 
 
Materials and Methods 
Hare samples 
From a total of 105 free-ranged hares, 105 serum samples and 52 liver samples were 
collected by hunters and foresters during two-year hunting seasons in northern and 
central Greece. Blood samples were collected from the heart or the thoracic cavity of 
the shot hares, they were centrifuged and sera was stored at -20°C pending 
examination for antibodies against T.gondii, N.caninum and L.infantum. The hare liver 
samples were stored at -20˚C and they were submitted still frozen to the Laboratory of 
Microbiology and Parasitology, University of Thessaly, Greece. Data on gender were 
recorded, when possible, for the subjects included in the study. The location data of 
hares were marked with handheld Global Positioning System (GPS) Garmin units in the 
field.  
 
Serological investigation  
In total, 105 serum samples were tested for antibodies by indirect fluorescence 
antibody test kits (IFAT) using different commercial agent specific slides to detect 
antibodies against T.gondii, N.caninum, (Agrolabo, Scarmagno, Italy) and L.infantum 
(Fuller Laboratories Fullerton, California, USA) following the manufacturer's 
instructions. For all IFATs, a fluorescein isothiocyanate conjugated sheep anti rabbit IgG 
(BioFX Laboratories, Owings Mills, USA) was used. Two-fold dilutions of the samples 
Institutional Repository - Library & Information Centre - University of Thessaly
07/06/2020 02:56:41 EEST - 137.108.70.13
147 
 
were prepared in phosphate buffered saline (PBS), starting from 1:20 as a basic dilution 
to detect antibodies against T.gondii and N.caninum and 1:25 to detect antibodies 
against L.infantum  until the end-point titer; titers ≥1:40 for T.gondii and N.caninum 
and ≥ 1:50 for L.infantum were considered positive. Positive and negative controls 
provided by the manufacturers were included in all the tests.  
 
Molecular investigation  
Total genomic DNA extraction was performed using a commercially available DNA 
extraction kit (Thermo Scientific GeneJET Genomic DNA Purification Kit, Thermo Fisher 
Scientific, USA) according to the manufacturer’s protocol in 52 liver hare samples. The 
purified DNA was stored at -20˚C. Previously described conventional PCRs were carried 
out for detecting DNA of T.gondii (Homan et al., 2000), N.caninum (Müller et al., 1996) 
and L.infantum (El Tai et al., 2001; Leite et al., 2010). Positive and negative controls 
were included in each PCR run. The PCR products were visualized under UV-light, after 
2% agarose gel electrophoresis and staining with ethidium bromide (0.5 μg/ml).   
Amplicons from PCR positive hares were sequenced. The positive PCR products were 
purified using the PureLink PCR purification kit (Invitrogen, Carlsbad, CA, USA) and were 
bidirectionally sequenced using the fluorescent BigDye Terminator Cycle sequencing 
kit v3.1 (Applied Biosystems, Foster City, USA), followed by fragment separation with a 
3730xl DNA analyzer (Applied Biosystems, Foster City, USA).  
 
Geographical Information System (GIS)  
Altitude was extracted from a digital elevation model (DEM) with a spatial resolution of 
1 square kilometer. Land uses were determined from the Corine Land Cover 2000 
database (European Environment Agency-EEA) and the ArcGIS online application. All 
data layers were converted to a common projection, map extent and resolution. ArcGIS 
10.1 GIS software (ESRI, Redlands, CA, USA) was used for data analysis.  
European brown hare (Lepus europaeus) population distribution was obtained from a 
GIS data base from the GIS research unit of the Department of Microbiology and 
Parasitology, Faculty of Veterinary Medicine, University of Thessaly, Karditsa, Greece.  
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Climatic variables were derived from the WorldClim website version 1.4. (Hijmans et 
al., 2005). Wind speed was retrieved from the GeoPortal of the Hellenic Regulatory 
Authority for Energy. Digital elevation model (altitude) was extracted from CGIAR-CSI 
GeoPortal. Hydrological data were extracted from HydroSHEDS. Land uses (habitat 
types) derived from the Corine Land Cover 2000 database (European Environment 
Agency, Copenhagen, Denmark. The normalized difference vegetation index (NDVI), an 
indicator of the greenness of the biomes per month, was extracted from the Copernicus 
European earth monitoring program (FDC, Vincennes, France). 
 
Environmental Niche Model (ENM) 
ENM or species distribution modelling programs, e.g. MaxEnt (Phillips et al., 2006), 
enable the description of the probability of a species distribution range. An algorithm 
for maximum entropy is used by MaxEnt to calculate the realized niche of the species 
and the occurrence probability. Sites with similar environments to those where a 
species has already been observed are identified by MaxEnt. The identification of these 
potential distribution areas is made using species presence points (e.g. L.infantum 
seropositive hares in our study), as well as the environmental variables of the study 
area.  
First, a niche was defined based on the environmental values that correspond to 
‘presence’ data (in this case, T.gondii and L.infantum seropositive hares). Then, 
similarities between environmental values at a specific cell and those of the niche of 
T.gondii and L.infantum seropositive hares were calculated for each raster cell in the 
study area. This information was used for the calculation of the probability of T.gondii 
and L.infantum seropositive hare occurrence in each raster cell.  
In the MaxEnt modelling, the pixels of the study area define the area where the 
distribution of the MaxEnt probability is defined. Pixels with occurrence records 
constitute the sample points and the features are environmental parameters (climatic, 
vegetation, topographic etc.). MaxEnt method requires presence-only data, utilizes 
both continuous and categorical data and includes efficient deterministic algorithms 
and mathematical definitions (Phillips et al., 2006). T.gondii and L.infantum seropositive 
hares were used as occurrence points for the ENM procedure. Maximum entropy 
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modelling (MaxEnt software version 3.3·3) was used to predict the appropriate 
ecological niches for hares (Phillips et al., 2006). The goodness of fit of the model 
predictions was evaluated by the mean area under the curve (AUC) of the receiver 
operating characteristic curve. We used the Jackknife procedure to reduce the number 
of environmental variables to only those that showed a substantial influence on the 
model. At first, all the available environmental parameters were used for the analysis. 
Two sets of parameters were created with a very large difference in their percentage 
of participation in the prediction process. Parameters with a participation rate lower 
than 2% were omitted from the final model based on which, the potential areas for the 
spatial distribution of T.gondii and L.infantum seropositive hares were determined. 
According to Ceccarelli et al., 2015 we repeated the test with the Jackknife test until all 
the remaining variables have a positive effect on the total gain. High-risk areas were 
considered those with >63% probability of seropositivity for T.gondii and L.infantum.  
 
Statistical analysis 
The exact binomial test established confidence intervals (CI) with a 95% confidence 
level. The chi-square and Fisher's exact tests were used to compare percentages of 
seropositivity for T.gondii as well as L.infantum among the different study areas 
(Thessaly, central Macedonia and eastern Macedonia and Thrace). A p value <0.05 was 
considered as statistically significant. Analyses were performed with IBM SPSS V.22.0.  
 
Ethics 
The hare serum and liver samples included in the study, represent material collected 
opportunistically (no active capture, killing and sampling of wild animals specifically for 
this study was performed) from animals hunter-harvested by members of the Greek 
Hunting Federation of Macedonia and Thrace and the Greek Hunting Federation of 
Thessaly and Sporades, during the hunting seasons, according to the prerequisites of 
the Greek Legislation and submitted to our laboratory for Passive Wildlife Disease 
surveillance. Thus, special approval was not necessary and steps to ameliorate suffering 
were not applicable in this study. Research on animals as defined in the EU Ethics for 
Researchers document (European Commission, 2007, Ethics for Researchers - 
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Facilitating Research Excellence in FP7, Luxembourg: Office for Official Publications of 
the European Communities, ISBN 978-92-79-05474-7) is not a part of the study. 
 
Results 
Serological investigation  
In total, antibodies against T. gondii were detected in six (5.7%, 95% CI: 2.1-12) hare 
serum samples; three (9.6%, 95% CI: 2-25.7) in Thessaly, one (2.6%, 95% CI: 0.07-13.8) 
in central Macedonia and two (5.5%, 95% CI: 0.6-18.6) in eastern Macedonia and 
Thrace. Antibodies against N. caninum were detected in only one (0.95%, 95% CI: 0-
5.2) hare serum sample from central Macedonia. Antibodies against L. infantum were 
detected in 13 (12.4%, 95% CI: 6.8-20.2) hare serum samples; three (9.7%, 95% CI: 2-
25.8) in Thessaly, five (13.2%, 95% CI: 4.4-28.1) in central Macedonia and five (13.9%, 
95% CI: 4.7-29.5) in eastern Macedonia and Thrace (Table 1). Antibodies against at least 
one of the pathogens examined were detected in 17 hares (16.2%, 95% CI: 9.7-24.7). 
Mixed exposure (concurrent presence of antibodies against both T. gondii and L. 
infantum) was found in three hares (2.9%, 95% CI: 0.6-8.1); one hare in each one of the 
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Table 1. The prevalence of antibodies against T.gondii, L.infantum and N.caninum in European brown hares from central and northern Greece 
Region Hare serum 
samples 
T.gondii  L.infantum Mixed exposure 
to T. gondii and 
L.infantum 
N. caninum 
Positive Titre P value Positive Titre P value  Positive Titre 






1 (3.2%) 0 - 
Central Macedonia, northern Greece 38 1 (2.6%) 1:40 5 (13.2%) 1:50-
1:100 
1 (2.6%) 1 (2.6%) 1:320 
Eastern Macedonia and Thrace, 
northern Greece 




1 (2.8%) 0 - 




3 (2.9%) 1 (0.95%)  
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Titers of antibodies against T. gondii ranged from 1:20 to 1:160; serum titers of 1:20 in 
four hares, 1:40 in three hares and 1:160 in three hares. Titer of antibodies against N. 
caninum in the one seropositive hare found in this study was 1:320. Titers of antibodies 
against L.infantum ranged from 1:25 to 1:200; serum titers of 1:25 in two hares, 1:50 
in five hares, 1:100 in one hare and 1:200 in seven hares.  
In overall, records on the gender were available for 67 out of the 105 subjects (36 males 
and 31 females). Out of the six T. gondii seropositive hares, four were males (66%). All 
the L. infantum seropositive hares with gender records (n=9/13) were males. 
 
Molecular investigation  
N.caninum DNA was detected in two hare liver samples (one male and one female hare) 
from Thessaly, central Greece (3.8%, 95% CI: 1-12.9). Leishmania DNA was detected in 
five hare liver samples (9.6%, 95% CI: 4.1-20.6); two from central Greece (7.4%, 95% 
CI: 2-23.3) and three from central Macedonia (20%, 95% CI: 7 -45.1). All the hare liver 
samples (n=10) from eastern Macedonia and Thrace were PCR negative. Among the 
Leishmania PCR positive hares, gender records were available only for one hare which 
was a female individual. None of the examined hare liver samples was found positive 
for T.gondii (Table 2). The five T.gondii and the seven L.infantum seropositive hares for 
which liver samples were available, were PCR negative. As for the only N.caninum 
seropositive hare, no liver sample was available for molecular examination.  
One N.caninum and two Leishmania amplicons were sequenced and the sequences 
have been deposited in GenBank under accession numbers MH568687 and KY379079-
KY379080 respectively. Sequence analysis revealed 96-98% homology with other 
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Table 2. Molecular investigation for T.gondii, L.infantum and N.caninum DNA in liver 
samples from European brown hares from central and Northern Greece.  
 
Geographical Information System (GIS)  
The spatial distribution of T. gondii and L.infantum seropositive hares is shown in Fig. 1 
along with the geographical distribution of European brown hare population in the 
study area.  
The T. gondii seropositive hares were found in agroforestry formations (50%), in 
shrubland with pastures (40%) and in conifer forests (10%) with a mean altitude of 
250.33m above sea level (range 55–584±222.83 SD), while the mean distance from 
villages and towns was 2.764 m (range 1931–4368±860.80 SD). The mean distance 
from livestock farms was 1164.13 m (range 223.60–2959.85±898.96 SD). The mean 
cattle, goat and sheep density in the areas where T. gondii seropositive hares were 
found was 8.43 animals/km2 (range 0.10–13.89±4.33 SD), 37.29 animals/km2 (range 
18.45–65.29±15.69 SD) and 151.76 animals/km2 (range 1.02–329.20±109.76 SD) 
respectively.  
The T. gondii seronegative hares were found in agroforestry formations (35%), in 
shrubland with pastures (45%) and in broadleaved forest (20%) with a mean altitude of 
441.06 m above sea level (range 56–1652 ± 363.23 SD), while the mean distance from 
villages and towns was 3.391 m (range 670–11634±2195.39 SD). The mean distance 
Region  Hare liver 
samples 
T.gondii L.infantum N.caninum 












15 0 3 (20%) 0 
East Macedonia and 
Thrace, northern 
Greece 
10 0 0  0 
Total 52 0 5 (9.6%) 2 (3.8%) 
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from livestock farms was 1291.57 m (range 100.80–4440.72±886.46 SD). The mean 
cattle, goat and sheep density in the areas where Toxoplasma seronegative hares were 
found was 7.40 animals/km2 (range 0.03–19.86±5.38 SD), 32.33 animals/km2 (range 
9.76–81.93±16.64 SD) and 67.14 animals/km2 (range 0,40–346.90±81.63 SD) 
respectively.  
The L.infantum seropositive hares were found in shrubland with pastures (70%) and in 
broadleaved forests in combination with cultivations (30%) with a mean altitude of 
236.07m above sea level (range 59–518±141.63 SD), while the mean distance from 
villages and towns was 2.824 m (range 1140–6200±1522.14 SD).  
The L.infantum seronegative hares were found in shrubland with pastures (60%), in 
broadleaved forests in combination with meadows (25%) and in agroforestry 
formations (15%) with a mean altitude of 454.48m above sea level (range 55–
1652±370.58 SD), while the mean distance from villages and towns was 3.381 m (range 
670–11634±2152.39 SD).  
 
Figure 1. Map of Greece showing the geographical distribution of the T.gondii, N.caninum 
and L.infantum seropositive hares. Map of Greece showing the geographical 
distribution of the European Brown hare in continental Greece and the T.gondii, 
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N.caninum and L.infantum seropositive hares found in central and northern Greece. 
Green dots indicate the hare samples collected in the study area. Yellow, blue and red 
dots indicate the T.gondii, N.caninum and L.infantum seropositive hares respectively.  
 
Predictive ENM for T. gondii seropositive hares 
The contribution of the environmental variables to the MaxEnt model analysed in this 
study for T. gondii seropositive hares are shown in Table 3. Jackknife of regularized 
training gain test for T. gondii seropositive hares in the study area is shown in Fig. 2. 
The environmental variable with the highest gain when used in isolation was 
Precipitation of Wettest Month. The variable that decreased gain the most when 
omitted, was Corine Land Cover-habitat types. In particular, the presence of T.gondii 
seropositive hares was associated with the following categories; coniferous forests, 
mixed forest, non-irrigated arable land and natural grasslands. Regularized training gain 
(sum of the likelihood of the data plus a penalty function) was 1.367, training AUC was 
0.959 and unregularized training gain was 2.745. Other significant variables according 
to the MaxEnt model were altitude, the Normalized difference vegetation index in April, 
livestock density and the Mean Temperature of Wettest Quarter. The potential 
distribution of the T.gondii exposed hares in the study area together with the 
recognized high risk areas for hare exposure to T.gondii are presented in Fig.3.  
 
Table 3. The relative contributions of the environmental variables to the Maxent model 





Precipitation of Wettest Month  27 6.2 
Corine Land Cover-habitat types 24 22.2 
Altitude 18.9 16.4 
Normalized difference vegetation index-
April month 
14 15.2 
Livestock density  12.1 14.5 
Mean Temperature of Wettest Quarter 4.1 25.4 
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Farms distance 0 0 
Population density  0 0 
Normalized difference vegetation index-
September month 
0 0 
Wind speed 0 0 
 
 
Figure 2. Jackknife of regularized training gain test for T. gondii seropositive hares in the 
study area. Aprndvi: NDVI in April, clima 13: Total precipitation of wettest month, clima 
8: Mean temperature of wettest quarter, dem: altitude, farmsdis: distance from farms, 
goatsden: livestock density, lancorine: Corine land cover-habitat types, popden: 
population density, septndvi: NDVI in September, wind2: wind speed 
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Figure 3. Map of the study area showing the probability for the presence of T.gondii 
exposed hares together with the recognized high risk areas for hare exposure to 
T.gondii 
 
Predictive ENM for L.infantum seropositive hares 
The contribution of the environmental variables to the MaxEnt model analysed in this 
study for L.infantum seropositive hares are shown in Table 4. Jackknife of regularized 
training gain test for L.infantum seropositive hares in the study area is shown in Fig. 4. 
The environmental variable with the highest gain when used in isolation was 
Precipitation of the Wettest Month. The variable that decreased gain the most when 
omitted, was Corine Land Cover-habitat types. In particular, the presence of L.infantum 
seropositive hares was associated with the following categories; natural grasslands, 
coniferous forests, land principally occupied by agriculture, with significant areas of 
natural vegetation and non-irrigated arable land. Regularized training gain (sum of the 
likelihood of the data plus a penalty function) was 1.774, training AUC was 0.976 and 
unregularized training gain was 2.648. Other significant variables according to the 
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MaxEnt model are Minimum Temperature of Coldest Month, altitude, livestock density, 
Mean Temperature of Wettest Quarter and wind speed. The potential distribution of 
the L.infantum exposed hares in the study area together with the recognized high risk 
areas for hare exposure to L.infantum are presented in Fig.5 
 
Table 4. The relative contributions of the environmental variables to the Maxent model 





Precipitation of Wettest Month  29.6 14.4 
Corine Land Cover-habitat types 21.3 12.7 
Min Temperature of Coldest Month 20.3 3.6 
Altitude 13 51.3 
Livestock density 9.2 0 
Mean Temperature of Wettest 
Quarter 
4.9 15.6 
Wind speed 1.6 1.7 
Normalized difference vegetation 
index-November month 
0 0 
Normalized difference vegetation 
index-August month 
0 0.6 
Precipitation of Wettest Quarter 0 0 
Normalized difference vegetation 
index-April month 
0 0 
Farms distance 0 0 
Population density 0 0 
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Figure 4. Jackknife of regularized training gain test for L.infantum seropositive hares in 
the study area. Aprndvi: NDVI in April, augndvi: NDVI in August, clima 13: Total 
precipitation of wettest month, clima 16: Total precipitation of wettest quarter, clima 
6: Minimum temperature of coldest month, clima 8: Mean temperature of wettest 
quarter, dem: altitude, farmsdis: distance from farms, goatsden: livestock density, 
lancorine: Corine land cover-habitat types, novndvi: NDVI in November, popden: 
population density, wind2: wind speed 
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Figure 5. Map of the study area showing the probability for the presence of L.infantum 
exposed hares in the study area together with the recognized high risk areas for hare 
exposure to L.infantum 
Statistical analysis 
No statistically significant difference was found among the seroprevalence for T.gondii 
(p=0.45) as well as L.infantum (p=0.85) in Thessaly, central Macedonia and eastern 
Macedonia and Thrace (Table 1). Similarly, no statistically significant difference was 
found among the L.infantum DNA prevalence in the three different regions of Greece 
(p=0.31) (Table 2).  
 
Discussion  
This study provides evidence of T.gondii (5.7%), N.caninum (0.95%) and L.infantum 
(12.4%) exposure in hares from central and northern Greece. Antibodies against at least 
one of the pathogens examined were detected in 16.2% while concurrent presence of 
antibodies against both T.gondii and L.infantum was found in 2.9% of the hares 
included in the study. The occurrence of N.caninum (3.8%) and L.infantum (9.6%) 
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infection and the lack of evidence for T.gondii infection in the hare population 
examined are justified through molecular examination. Interestingly, none of the 
T.gondii and L.infantum seropositive hares was found PCR positive while the infection 
status of the only N.caninum seropositive hare is unknown due to the lack of liver 
sample from this individual. Moreover, ENM from MaxEnt (Phillips et al., 2006) was 
used to identify the environmental variables associated with hare exposure to T.gondii 
and L.infantum and to recognize high risk areas for hare exposure through the creation 
of a risk map for the regions of central and northern Greece. The analysis revealed that 
the precipitation of the wettest month contributes to the highest per cent to define 
environmental niche profiles for hare exposure to both pathogens in the study area. 
Another important environmental parameter contributing to both prediction models 
was land cover (habitat types).  
The exceptional susceptibility of hares to T.gondii primary infection (Gustafsson et al., 
1997; Lindsay and Dubey, 2014) has been supported by the low prevalence of latent 
chronic or subclinical infections in hares (Gustafsson and Uggla, 1994). However, high 
seroprevalence in hares (Frölich et al., 2003) has been also reported suggesting that 
they can survive T. gondii infection in the wild. Hares get infected through consumption 
of food or water contaminated with oocysts shed by domestic cats or free-ranging 
felids with which they share the same habitat. Seroprevalence of T. gondii in hares 
varies among European countries ranging from 0-46% (Aubert et al., 2010; Bartova and 
Sedlak, 2012; Catar, 1972; Edelhofer et al., 1989; Frölich et al., 2003; Gustafsson and 
Uggla, 1994; Poli et al., 1987). Although different serological techniques were used in 
the above-mentioned studies and thus a direct comparison of prevalences is not 
possible, the differences in the serological status of hare population against T. gondii 
across European countries are indeed highlighted. In Greece, the seroprevalence of T. 
gondii in sheep and goats ranged from 25% in central Greece (Kantzoura et al., 2013) 
to 49% and 31% respectively (Tzanidakis et al., 2012) in Northern Greece and 54% and 
61% in various regions of Greece (Diakou et al., 2013). An average seroprevalence of 
27% was reported in swine herds in the mainland Greece (Papatsiros et al., 2016) and 
1.8% in equids in four regions in Greece (Kouam et al., 2010). As far as it concerns the 
wildlife, (Touloudi et al., 2015) reported a seroprevalence of 5.2% in wild boars. 
Although a direct comparison can be made only with the studies that used IFAT for the 
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detection of antibodies against T.gondii, in overall, the results of our study (5.7%) are 
in agreement with previous studies conducted in Austria (2% by IFAT) (Edelhofer et al., 
1989), Italy (6.4% by indirect agglutination test) (Poli et al., 1987) and France (9% by 
MAT) (Aubert et al., 2010). The seroprevalence herein reported in hares is in great 
agreement with the seroprevalence reported previously in Greek wild boars (5.2%) 
(Touloudi et al., 2015). In our study, T.gondii DNA was not detected in any of the hare 
liver samples examined which is in agreement with a previous study on the Iberian hare 
(Fernández-Aguilar et al., 2013). Although liver has been previously proposed as a 
tissue of choice, T.gondii DNA could be present in other tissues such as brain or heart 
as it has been observed in subclinical infections in other animal species (Dubey, 2010; 
Fernández-Aguilar et al., 2013; Jokelainen, 2012).  
Precipitation of the wettest month was the environmental parameter contributing to 
the highest per cent to define environmental niche profiles for hare exposure to 
T.gondii in the study area. This finding is concordant with previous observations that 
increased prevalence in cats (Afonso et al., 2010), rabbits (Oryctolagus cunniculus) 
(Almerıá et al., 2004) and roe deer (Capreolus capreolus) (Gamarra et al., 2008) is 
associated with high levels of rainfall. It has been suggested that precipitation 
influences the dynamics of oocysts in the environment creating a moist environment 
that allows for oocysts survival while also it increases the food availability supporting 
the high densities of hosts (Afonso et al., 2013; Yan et al., 2016), including transport 
hosts such as arthropods, that require a humid environment, and flies, cockroaches and 
earthworms which may potentially spread T. gondii to other hosts through ingestion of 
oocyst (Bettiol et al., 2000; Frenkel et al., 1995; Yan et al., 2016).  
The presence of T.gondii seropositive hares was associated with coniferous and mixed 
forests, non-irrigated arable land and natural grasslands. Forests may be linked with 
the presence of significant wildcat and wildcat-domestic hybrid populations (Germain 
et al., 2008) resulting in increased soil contamination from their feaces and higher 
probability for hare exposure to T.gondii. Additionally, such land types are 
characterized by moderate to high annual precipitation thus influencing the dynamics 
of oocysts survival and dispersal as mentioned above. In areas with arable lands, 
irrigation of soil and soil disturbance during agricultural practices increases oocyst 
survival and distribution while food availability affects the population density of 
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important hosts such as rodents (Gotteland et al., 2014; Smallbone et al., 2017; Yan et 
al., 2016). Natural grasslands provide moist and shaded microenvironments which 
facilitate survival of oocysts (Du et al., 2012) and the soil presents high permeability 
and it is rich in organic matter, both characteristics being beneficial for the existence of 
transport hosts (Bettiol et al., 2000; Frenkel et al., 1995; Gao et al., 2016; Yan et al., 
2016).  
Although not recognized as leading factors, altitude, normalized difference vegetation 
index in April, livestock density and temperature were important for model 
development. Altitude is well related with rainfall with greater rainfall at higher 
latitudes and decreased precipitation at lower latitudes (Yan et al., 2016). Normalized 
difference vegetation index in April is an indicator of the greenness of the biomes and 
possibly affects the food availability for different T.gondii hosts (e.g. rodents, migratory 
birds and arthropods) and consequently their geographical distribution, abundance 
and migration patterns (Afonso et al., 2013; Ribeiro et al., 2015; Yan et al., 2016). The 
livestock density, is directly linked to livestock farm density; the spatial overlap 
between definitive and intermediate hosts in a small area, the existence of an open 
landscape which facilitates contact between domestic and wild animals (Afonso et al., 
2013; Simon et al., 2017), the high density of free-ranging cats in farms (Ferreira et al., 
2011; Kitts-Morgan et al., 2015; Liberg, 1980) and the soil disturbance by livestock 
movements (Lehmann et al., 2003) are those farm characteristics that make them  
important sources of T. gondii. The role of farms has been shown for both cats (Afonso 
et al., 2013) and intermediate hosts (Gotteland et al., 2014; Lehmann et al., 2003; 
Richomme et al., 2010) as the proportion of infected individuals is related to the density 
and proximity to farms. Finally, temperature partly determines the oocyst sporulation 
and affects their survival and infectivity while also it influences the population density 
of the intermediate and mechanical hosts including rodents which are considered 
important in T. gondii transmission (Afonso et al., 2013; Gotteland et al., 2014; 
Smallbone et al., 2017; Yan et al., 2016).  
Hares are considered an important source of N. caninum infection for carnivores 
(Bártová et al., 2016; Ferroglio and Trisciuoglio, 2003) as they could be continuously 
infected. This fact is of particular importance for red foxes because hare is a common 
prey for them; it can make up to 10.7% (Kidawa and Kowalczyk, 2011) to 46% (Ferroglio 
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and Trisciuoglio, 2003) of their diet component. Although foxes have not been proved 
as a definitive host (Bartley et al., 2013; Wapenaar et al., 2006), their important role in 
maintaining N. caninum infection in the sylvatic cycle has been suggested due to their 
dietary habits and their adaptable and opportunistic nature (Bateman and Fleming, 
2012) that enables red foxes to be in close contact with domestic dogs and livestock. 
Moreover, in Greece, when hares are hunted, the carcasses are eviscerated in the field 
and the offal is given purposely to hunting dogs or left behind, available for 
consumption by wild animals. Therefore, each hunting season, hunting dogs, wild 
canids and wild boar have an increased possibility to consume N. caninum-infected 
hare tissues. However, the low seroprevalence (0.95%) and DNA prevalence (3.8%) 
found in this study indicates a low risk for these animals to be infected through the 
consumption of infected hares in Greece. As far as it concerns the European brown 
hare, there are serological data from Czech Republic (39%), Slovakia (4%), Austria (35%) 
(Bártová et al., 2010) and Ιtaly where hares were imported from Hungary (8.6%) and 
Slovakia (6.8%) (Ferroglio and Trisciuoglio, 2003). In Greece, seroprevalences of 16.8% 
and 6.9% in sheep and goats respectively (Diakou et al., 2013) and 15.2% in cattle 
(Sotiraki et al., 2008) have been reported while the seroprevalence in wild boars was 
1.1% (Touloudi et al., 2015). Our results are not in agreement with the studies 
conducted previously in hares in other European countries. The seroprevalence found 
in our study is very low and only comparable to the seroprevalence found in wild boars 
in Greece (Touloudi et al., 2015) indicating the existing although limited exposure of 
wildlife to N.caninum in Greece. To the best of our knowledge there are no data 
regarding the prevalence of N. caninum in domestic dogs and wild canids, including red 
foxes in Greece. Though it has been suggested that a low prevalence (15.4%) in grey 
foxes seems to indicate that their prey also have a low prevalence (Lindsay et al., 2001). 
Since hares, a common prey for red foxes, present such a low N. caninum 
seroprevalence, it could be expected that a low seroprevalence will also be observed 
in red foxes in Greece. However, this hypothesis remains to be confirmed by further 
studies.  
Data on the role of hare in the epidemiology of Leishmania spp come from Spain, 
Greece and Italy.  In Italy the seroprevalence in Le. europaeus was 0.9% (Ebani et al., 
2016) which is not in agreement with our results (12.4%) (Ebani et al., 2016) albeit a 
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direct comparison is possible in terms of the serological technique and the cut-off used. 
Molecular studies conducted previously, revealed 56.3% Leishmania infection in Le. 
europaeus in Spain (Ruiz-Fons et al., 2013), 18.52% in Italy (Zanet et al., 2016) and more 
recently 1.9% in central Italy (Rocchigiani et al., 2018). In northern Greece, the 
Leishmania DNA prevalence reported from 2007-2011 was 23.49% (Tsokana et al., 
2015) which is in great agreement with our current findings in the same region (20%). 
Though, the results of this study should be treated with caution; a small subset of 
samples was molecularly examined aiming to show the occurrence of infection rather 
than to determine the DNA prevalence of L.infantum infection in this hare population.  
Studies on Leishmania seroprevalence and DNA prevalence have been conducted in 
Greece in domestic as well as wild animals. Regarding the canine population, the most 
recent epidemiological studies reported a seropositivity ranging from 20% - 22.09% 
(Athanasiou et al., 2012; Ntais et al., 2013). In another study, Leishmania PCR positive 
dogs were found in each one of the four prefectures of Thessaly, Central Greece 
(Giannakopoulos et al., 2016). A seroprevalence of 3.87% was reported in clinically 
healthy stray cats living in the area of Thessaloniki, Northern Greece (Diakou et al., 
2009) while in Central Greece, the most recent study, reported 13.3% Leishmania DNA 
prevalence in stray and owned cats (Giannakopoulos et al., 2017). Regarding other wild 
animals, specific anti-Leishmania IgG antibodies were detected in 54.55% and 
Leishmania DNA was detected in 19.58% of the rodents examined in Northern Greece 
(Tsakmakidis et al., 2017). Additionally, Leishmania DNA prevalence in red foxes 
examined in the region of Fthiotida which is adjacent to the prefectures of Larissa and 
Magnesia, central Greece was 59.5% (Karayiannis et al., 2015). Although Leishmania 
infection in hares has been documented previously in Northern Greece (23.49%) 
(Tsokana et al., 2015), the occurrence of Leishmania infection in hares in central Greece 
and the seroprevalence of L. infantum in both regions have not been reported so far. 
Thessaly, central Greece is a highly endemic region for human and canine leishmaniasis 
(Giannakopoulos et al., 2016), where the last years an increase of the incidence rate of 
human leishmaniasis cases was recorded; 82 human Visceral Leishmaniasis cases were 
officially notified from 2007-2014 with 60 out of the 82 human VL cases being recorded 
during 2012-2014 (Giannakopoulos et al., 2016). On the other hand, during 2012-2013, 
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seven human cases were reported in the northern part of our study area (six cases in 
Central Macedonia and one case in East Macedonia and Thrace (HCDCP).  
The occurrence of L.infantum infection in hares, cats, dogs, red foxes and humans in 
central Greece and the adjacent regions, is highly suggestive of an overlapping of 
sylvatic and domestic transmission cycles in Thessaly, as it has been previously 
suggested for the region of Thessaloniki, northern Greece (Tsokana et al., 2015).  This 
hypothesis is further supported by the exposure of hares to N. caninum and T. gondii 
that is indicative of the fact that hares share the same living space with their definitive 
hosts, that is wild carnivores such as gray wolf and dogs and cats or free-ranging felids 
respectively. Moreover, as already mentioned, the hare-red fox contact is well 
documented as hare is a common prey for red foxes (Bakaloudis et al., 2015; Kidawa 
and Kowalczyk, 2011). The fact that hares exposed to L. infantum share the same 
habitat with these animal species which are susceptible to L. infantum infection (Millán 
et al., 2014; Souza et al., 2014), highlights the need to investigate their role in the 
sylvatic transmission cycle of L. infantum in Greece. This is of further importance when 
considering animal species such as cats; they live in close proximity to humans while at 
the same time they are nocturnal predators, adaptive in different kinds of habitats that 
operate in a 1.5 km radius of their residence using forests as hunting territory (Soares 
et al., 2016). These feline behavioral characteristics together with the so-called home 
range of hares, make the cat-to-hare and vice versa spillover of pathogens possible and 
cats an excellent candidate as a connective link between sylvatic and domestic 
transmission cycle of Leishmania spp. The same holds true for red foxes as they dwell 
in great distances according to the availability of resources (Bateman and Fleming, 
2012), a behavioral characteristic that has enabled red foxes to inhabit suburban and 
urban areas resulting to close contact with domestic and wild animals and humans.  
 As a vector-borne disease, the distribution of Leishmaniasis is highly affected by 
anthropic and climate factors as well as environmental parameters influencing the 
ecology of vectors and reservoir hosts by altering their activity, survival and abundance 
(Aspöck et al., 2008; Barón et al., 2011; Elnaiem et al., 1998; Gage et al., 2008; Ozbel et 
al., 2011). Regarding the vector itself, conflicting results have been obtained by 
different studies on the influence of such factors on their presence and abundance 
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depending on the species analyzed (Chamaillé et al., 2010; Gálvez et al., 2010; Martín-
Sánchez et al., 2009). 
 In our study, precipitation was the environmental variable with the highest gain when 
used in isolation which is in great agreement with a study conducted previously in 
European Brown hares from Northern Greece (Tsokana et al., 2015). The impact of 
precipitation on the activity period of sandflies, their survival and the promotion of 
adult emergence as well as the determination of the appropriate oviposition sites has 
been previously proposed (Gage et al., 2008; Queiroz et al., 2012; Quintana et al., 
2013). Moreover, the impact of precipitation on the increase of food availability 
supporting high densities of hosts cannot be ruled out.  
The land cover was also recognized as an important factor affecting the exposure of 
hares to L.infantum with natural grasslands, coniferous forests, land principally 
occupied by agriculture, with significant areas of natural vegetation and non-irrigated 
arable land being the associated categories. Such land types are characterized by 
moderate to high annual precipitation providing moist and shaded microenvironments, 
rich in organic matter, thus influencing the sandfly vector as mentioned previously 
(Gage et al., 2008; Queiroz et al., 2012; Quintana et al., 2013). Moreover, their form 
supports a vast variety of mammals and diverse wildlife including important hosts of 
L.infantum such as free-ranging cats and rodents thus constituting an excellent space 
for the overlapping of sylvatic and domestic L.infantum transmission cycle. In particular, 
the agricultural and arable land has been previously related with increased probability 
of Leishmania infection is humans and dogs in our study area (Giannakopoulos et al., 
2016), in Greece (Ntais et al., 2013) and in other countries as well (Alonso et al., 2010; 
Chamaillé et al., 2010; Colacicco-Mayhugh et al., 2010) possibly due to the increased 
humidity and the host abundance such as rodents, as a result of the increased food 
availability.  
Although temperature, altitude, wind speed and livestock density were recognized as 
important factors for model development, they were not among the leading factors. 
The importance of temperature has been repeatedly suggested by previous studies 
mainly affecting the biology and ecology of sandflies (rate of egg production, 
development of the juvenile stages, number of annual generations, feeding activity, 
period of activity and survival of adults) as well as the Leishmania spp development 
Institutional Repository - Library & Information Centre - University of Thessaly
07/06/2020 02:56:41 EEST - 137.108.70.13
168 
 
inside the vector (Ballart et al., 2014; Elnaiem et al., 1998; Martín-Sánchez et al., 2009; 
Ready, 2008). The influence of temperature on the presence and abundance of 
sandflies is highly dependent of the species analysed or the bioclimatic area considered 
(Chamaillé et al., 2010; Gálvez et al., 2010; Martín-Sánchez et al., 2009) suggesting that 
the vector distribution and population density is not solely influenced by temperature 
itself.  Altitude, despite rather being a confounding factor instead of an ecological 
factor, negatively impacts the distribution of the sandfly species, possibly due to its 
close correlation with vegetation and meteorological conditions (Elnaiem et al., 1998; 
Ferreira et al., 2011; Gebre-Michael et al., 2004; Guernaoui et al., 2006; Ozbel et al., 
2011). In fact, the increased altitude is linked to changes in vegetation, decrease of the 
temperature and increase in the precipitation, that is, a more hostile environment for 
sand fly survival (Gálvez et al., 2010). Wind speed has been also previously suggested 
as a factor affecting the abundance of sandflies (Ntais et al., 2013) while significantly 
higher vector densities were detected at sites sheltered from the wind because of the 
vector preference for more natural, protected sites (Gálvez et al., 2010). Conflicting 
results have been obtained regarding the correlation of livestock and sanfly density 
with some studies suggesting that the presence of livestock, especially cattle and 
chicken, is linked with an increase in vector densities (Alexander et al., 2002; Ferro et 
al., 1997; Guernaoui and Boumezzough, 2009; Maroli et al., 2009) possibly because the 
set-up of their breeding sites is favored, while others found no association (Ballart et 
al., 2014).  
Conclusions 
Although a species with limited home range, hares may significantly contribute to the 
epidemiology of important pathogens of public health and veterinary concern due to 
cross border and long-distance movements possibly as part of live animal 
translocations, as the host of vectors and the prey of carnivores and omnivores that 
travel in great distances and get into contact with domestic animals and humans. 
Besides, its short life span makes this species an excellent indicator for recent pathogen 
transmission in the area and its intensive contact with vectors such as ticks, mosquitoes 
and sandflies has implicated hare in the epidemiology of important vector borne 
diseases such as Leishmaniasis. The continuous surveillance of hare populations could 
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provide information on the population health status and the pathogens circulating in 
the area posing risk for wildlife, domestic animals and humans.   
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Leishmaniasis is a vector-borne mammalian disease of major human and veterinary 
medical significance which is endemic in Greece. This study aimed to define the 
phylogenetic position of Leishmania spp detected in humans, domestic and wild 
animals in Thessaly, central Greece. Clinical samples collected from humans presenting 
clinical manifestations compatible with leishmaniasis and dogs, cats and hares from 
Thessaly, central Greece, were examined by Internal Transcribed Spacer-1 (ITS-1) 
nested PCR for the detection of Leishmania DNA. Phylogenetic analysis was performed 
on Leishmania sequences detected in different hosts in conjunction with Leishmania 
sequences retrieved from GenBank. Phylogenetic analysis revealed that the Leishmania 
sequences derived from different hosts in Thessaly, central Greece belong in the L. 
donovani complex. The analysis of ITS1 for microsatellite repeat numbers identified L. 
infantum in all the Leishmania sequences included in the study except one, which was 
identified as L. donovani in one feline sample.   
Leishmaniasis is highly endemic in Thessaly, central Greece in both canine and human 
population while the role of other animal hosts, including wildlife, has been recently 
under investigation. This study provides evidence for the predominance of L.infantum 
circulation in different hosts in Thessaly. Moreover, it is indicative of the possible L. 
donovani infection in a cat from the study area, giving the impetus for further 
investigation. The integrated surveillance on human, animal and sandfly vector 
population seems to be a necessity and the intensive typing of natural Leishmania 
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Leishmaniases are vector-borne diseases caused by obligate protozoan parasites from 
the genus Leishmania (Trypanosomatida: Trypanosomatidae) which are widely 
distributed across 88 tropical, subtropical and temperate countries, including Greece, 
with more than 350 million people at risk (Georgiadou et al., 2015a). An estimated 12 
million patients suffer from leishmaniasis, with approximately 0.2-0.4 million of new 
visceral leishmaniasis (VL) and 0.7-1.2 million of new cutaneous leishmaniasis (CL) cases 
per year worldwide. Overall, infection is caused by more than 20 species of Leishmania 
parasites, which are spread by approximately 30 species of phlebotomine sand flies 
(Georgiadou et al., 2015a; Oshaghi et al., 2009). Most  of the transmission cycles are 
zoonotic, thus requiring the involvement of reservoir hosts such as domestic and wild 
animals, and a few being strictly anthroponotic (Quinnell and Courtenay, 2009).    
Increased international travel, globalisation, population migration together with the 
climatic change constitute important factors influencing the spread of Leishmania 
species in new geographical areas where sufficient competent vectors exist under 
favourable ecological conditions (Antoniou et al., 2013). As the conditions of 
transmission change and the importation of Leishmania species into other geographical 
regions, including areas previously non-endemic for the disease, is being documented, 
studies concerning the identification of the Leishmania species circulating in different 
regions become a necessity. The importance of Leishmania species identification is 
further highlighted by the need for proper diagnosis and prognosis of the disease as 
well as for making decisions regarding treatment and control measures especially in 
areas with various co-existing Leishmania species (SchöNian et al., 2011).  
In Greece, an endemic Mediterranean country for VL, the disease burden still carries a 
remarkable morbidity (Georgiadou et al., 2015b; Gkolfinopoulou et al., 2013). VL is the 
predominant form, endemic in most islands and coastal regions of the country and CL 
occurs sporadically (Gkolfinopoulou et al., 2013). L. infantum is the responsible species 
for VL and some cases of CL while anthroponotic CL caused by L. tropica is also present 
in Greece (Gkolfinopoulou et al., 2013; Ready, 2010).  
Previous studies conducted in Greece included L.infantum strains of human and canine 
origin from the mainland and islands of the country which were analysed by MLMT 
genotyping (Gouzelou et al., 2013, 2012; Kuhls et al., 2008). In another study, 
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Leishmania ITS1 sequences were used to infer the phylogenetic relationships among 
Leishmania parasites detected in hares and dogs in Northern Greece  and confirmed 
that they belong in the L. donovani complex (Tsokana et al., 2015).  
Thessaly, central Greece, is a common tourist destination and an important agricultural 
area in the country while it includes all the kind of ecosystems that exist in Greece from 
costal and seaside to alpine ones. An increase in the incidence rate of human 
leishmaniasis cases in Thessaly in 2012-2014, prompted us previously to investigate the 
environmental variables related to human leishmaniasis cases and Leishmania infection 
in dogs and to recognize high-risk areas in the region (Giannakopoulos et al., 2016). 
This study reports the Leishmania spp currently circulating in Thessaly, central Greece 
and aims to characterize the Leishmania spp infecting humans, domestic and wild 
animals in this highly endemic using the sequence analysis of ITS1.  
 
Materials and Methods 
Compliance with ethical standards  
The research protocol concerning the human specimens was approved by the Ethics 
Committee of the General University Hospital of Larissa (Permit Number: 1530 
13/3/2015). A written informed consent was obtained from the patients and the 
human individuals. The data were analysed anonymously.  
The canine and feline samples were collected by private practicing veterinarians for 
routine diagnostic purposes in the context of the research funding program THALES 
during the period 2013-2015. No animals were euthanized during the study and efforts 
taken to ameliorate animal suffering. The study did not involve any experimentation, 
but was based in samples, that had been collected from the dogs and cats for routine 
diagnostic purposes. Diagnostic veterinary procedures are not within the context of 
relevant EU legislation for animal experimentations (Directive 86/609/EC) and may be 
performed in order to diagnose animal diseases and improve animal welfare. 
The hare samples represent material collected opportunistically (no active capture, 
killing and sampling of wild animals specifically for this study was performed) from 
animals hunter-harvested by members of the Greek Hunting Federation of Thessaly 
and Sporades and hunters separately, during the hunting season 2014-2015, according 
Institutional Repository - Library & Information Centre - University of Thessaly
07/06/2020 02:56:41 EEST - 137.108.70.13
186 
 
to the prerequisites of the Greek Legislation (FEK 2154/B’/5-8-2014), and submitted to 
the Department of Microbiology and Parasitology, Faculty of Veterinary 
Medicine, University of Thessaly, Karditsa, Greece. Thus, special approval was not 
necessary and steps to ameliorate suffering were not applicable in this study. Research 
on animals as defined in the EU Ethics for Researchers document (European 
Commission, 2007, Ethics for Researchers - Facilitating Research Excellence in FP7, 
Luxembourg: Office for Official Publications of the European Communities, ISBN 978-
92-79-05474-7) is not a part of the study. 
 
Study area 
Thessaly is located in central Greece and has a total area of 14.036 km2, which roughly 
represents 10.6% of the whole country. Thirty six per cent of the land is flat and 17.1% 
is semi-mountainous, whereas the remaining 44.9% is mountainous (Domenikiotis et 
al., 2005).  The administrative region of Thessaly consists of four prefectures (Larissa, 
Trikala, Karditsa and Volos) which include 26 municipalities.  
 
Human and animal samples 
Whole blood samples were collected from 23 patients submitted to the General 
University Hospital of Larissa, Thessaly when presenting clinical picture compatible with 
human leishmaniasis. At least one of the following clinical samples, that is, exfoliative 
epithelial cells using conjunctival swabs, lymph node aspirates and whole blood in EDTA 
were collected from 223 dogs submitted to veterinary clinics in Thessaly if suspected 
to be Leishmania infected following clinical examination by the private practicing 
veterinarians. Whole blood in EDTA was collected from 150 clinically healthy cats 
submitted to veterinary clinics in Thessaly for routine examination. Spleen and liver 
samples were collected from 79 hunter harvested hares in the region of Thessaly during 
the hunting season 2014-2015. All the human and animal samples were sent still frozen 
to the Laboratory of Microbiology and Parasitology, University of Thessaly, Karditsa, 
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DNA extraction and PCR amplification 
Total genomic DNA extraction was performed on the animal and human samples 
collected using a commercially available DNA extraction kit (Thermo Scientific GeneJET 
Genomic DNA Purification Kit, Thermo Fisher Scientific, USA) according to the 
manufacturer’s protocol. The purified DNA was stored at -20˚C.  
The ITS-1 nested PCR was carried out as described previously (Leite et al., 2010a; 
Tsokana et al., 2015) using primers LITSR (5′ CTGGATCATTTTCCGATG 3′) and L5.8S (5′ 
TGATACCACTTATCGCACTT 3′) for the first round and LITSnR (5’-
CATTTTCCGATGATTACACC-3’) and L5.8Sn (5’-CGTTCTTCAACGAAATAGG-3’) for the 
second round of amplification in all the samples included in the study. The cpb PCR was 
performed according to Hide and Bañuls, 2006 using the forward and reverse primers 
5’-CGTGACGCCGGTGAAGAAT-3’ and 5’-CGTGCACTCGGCCGTCTT-3’ respectively and 
K26 gene PCR was carried out using primers K26f (5′-ACGAAGGACTCCGCAAAG-3′) and 
K26r (5′-TTCCCATCGTTTTGCTG-3′) according to Haralambous et al., 2008 in all the 
human and hare samples and in 42 canine and 10 feline samples which have been 
previously found to be Leishmania positive by ITS1 PCR. Amplification products were 
visualized on 2% agarose gel stained with ethidium bromide (0.5 μg/ml).  
A PCR was considered positive when a band of the expected size, ∼300 bp for ITS1, 702 
bp for the cpb L. infantum strains, 741 bp for the cpb L. donovani strains, and 284 to 
approximately 1300 bp was obtained for k26 gene. Two archived bone marrow samples 
from dogs previously diagnosed with canine leishmaniasis, were used as positive 
controls for L.infantum DNA. The presence of Leishmania DNA in the positive control 
samples has been previously confirmed, using different genus specific PCR assays 
including minicircle kDNA with primers 13A (5′ GTGGGGGAGGGGCGTTCT 3′) and 13B 
(5′ATTTTCCACCAACCCCCAGTT 3′) (Reale et al., 1999; Rodgers et al., 1990) and ssu rDNA 
using primers R221 (5’ GGTTCCTTTCCTGATTTACG 3’) and R332 (5’ 
GGCCGGTAAAGGCCGAATAG 3’) (Meredith et al., 1993). Moreover, the positive control 
samples were examined with the ITS1 and cpb species-specific PCR assays mentioned 
above, and the presence of L.infantum DNA was confirmed following sequencing of the 
ITS1 and cpb amplicons.  
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Sequencing and sequence analysis 
Amplicons from 18 Leishmania ITS1 PCR positive samples (four human, five canine, five 
feline and four hare PCR positive samples), were sequenced. Sequence analysis was 
performed on a part of the rRNA gene (ITS1 region). The positive PCR products were 
purified using the PureLink PCR Purification Kit (Invitrogen) and were bidirectionally 
sequenced using the fluorescent BigDye Terminator Cycle sequencing kit v3.1 (Applied 
Biosystems), followed by fragment separation with a 3,730xl DNA Analyzer (Applied 
Biosystems).  
Consensus ITS1 sequences were created for the human and animal Leishmania 
sequences of this study and multiple-aligned with reference sequences of L. donovani, 
and L. infantum retrieved from GenBank using MEGA 7 software. Phylogenetic analysis 
was performed and a Maximum parsimony (MP) tree was constructed under the 
heuristic search option with 100 random-taxon addition replicates and tree bisection–
reconnection branch swapping, using PAUP*. Node support was assessed on the basis 
of 1,000 bootstrap replicates. A Bayesian analysis was also performed with MRBAYES 
version 3.1 (Huelsenbeck and Ronquist, 2001), under the HKY85 model of sequence 
evolution. Depending on the data set, random starting trees run for 2×106 to 8×106 
generations were used, sampled every 100 generations. Burn-in frequency was set to 
the first 25% of the sampled trees. With some minor differences, the phylogenetic tree 
based on the Bayesian analysis as well as MP tree showed similar topologies (the tree 
is available on request). 
For species identification of L. donovani complex, ITS1 Leishmania sequences of this 
study were multiple-aligned using ClustalW, with ITS1 sequences of previously defined 
L. infantum and L. donovani, representing the different types of ITS1 sequences, and 
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Table 1. List of database accession numbers and geographical and host origin of the 
Leishmania sequences used in this study 
Strain/ isolate international 
code 
Species Origin Host GenBank 
accession No. 
MHOM/FR/95/LPN114 L. infantum  France Human AJ634340 
MHOM/ES/93/PM1 L. infantum  Spain Human AJ634341 
MHOM/PT/00/IMT260 L. infantum  Portugal Human AJ634344 
MHOM/CN/54/Peking L. infantum  China Human AJ634345 
MHOM/TN/80/IPT1 L. infantum  Tunisia Human AJ000289 
MHOM/IT/94/ISS1036 L. infantum  Italy Human AJ634353 
MCAN/FR/87/RM1 L. infantum  France Canine AJ634346 
MHOM/YE/10/SH2 L. infantum  Yemen Human KT751245 
MHOM/YE/10/SH15 L. infantum  Yemen Human KT751248 
MHOM/YE/10/SH27 L. infantum  Yemen Human KT751253 
MHOM/FR/62/LRC-L47 L. infantum  France Human AJ000288.1 
GRE 1 human-GRE 4 human L. infantum  Greece Human (n=4) KY379083-
KY379086 
GRE 2 cat – GRE 5 cat  L. infantum  Greece Feline (n=4) KY379075-
KY379078 
GRE 8 hare-GRE 11 hare L. infantum  Greece Hare (n=4) KY379079-
KY379082 
GRE 4 dog-GRE 8 dog L. infantum  Greece Canine (n=5) KY379070-
KY379074 
G26 L. infantum  Argentina 
Canine JX448535.1 
MHOM/UZ/2007/KOM L. infantum  Uzbekistan Human FM164417.1 








MCAN/UZ/2007/LRC-L1309 L. infantum  Algeria Canine FN398341.2 
MHOM/BR/2007/JFF_BM L. infantum  Brazil Human  FN398343.2 
GRE 1 cat L. donovani  Greece Feline (n=1) KY379069 
MHOM/CN/00/Wangjie1 L. donovani  China Human AJ000294 
MHOM/YE/10/SH3 L. donovani  Yemen Human KT751256 
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MCAN/SD/00/LEM3946 L. donovani  Sudan Canine AJ634356 
MHOM/SD/62/LRC-L61 L. donovani  Sudan  Human AJ634365 
MHOM/SD/93/9S L. donovani  Sudan Human AJ634372 
MHOM/IN/71/LRC-L51a L. donovani  India Human AJ000290 
MHOM/IN/80/DD8 L. donovani  India Human AJ000292 
MCAN/MA/2002/AD3 L. donovani  Morocco Canine AM901453.1 
MHOM/LK/2002/L60b L. donovani  Sri Lanka Human AM901448.1 
MHOM/IQ/1981/SUKKAR2 L. donovani  Iraq Human AM901452.1 
LdM L. donovani  Sudan Human AJ249616.1 
MHOM/ET/2010/DM-607 L. donovani  Ethiopia Human FN687759.1 
MHOM/BR/2007/JFF L. donovani  Brazil Human FN398344.2 
MHOM/KE/----/KEN224 L. donovani  Kenya Human FN677364.1 
MCAN/CN/60/GS1 L. donovani  China Human HQ830354.1 









PCR and sequencing 
In total, Leishmania DNA was successfully amplified by ITS1 nested PCR in nine human, 
85 canine, 20 feline and eight hare samples. Cpb PCR yielded no amplification for any 
of the samples examined accept 11 canine samples and the positive controls. Similarly, 
Leishmania DNA was not successfully amplified by k26 gene PCR in any of the samples 
examined except for the positive controls.   
In total, 18 amplicons from Leishmania ITS1 PCR positive samples (four human, five 
canine, five feline and four hare samples) were sequenced. The Greek Leishmania 
sequences have been deposited in GenBank under accession numbers KY379069-
KY379086 (Table 1) and they were used for the phylogenetic and sequence analysis in 
this study. 
 
Phylogenetic and sequence analysis 
The phylogenetic analysis performed on 52 Leishmania sequences, including four 
human, five canine, five feline and four hare ITS1 Leishmania sequences from Thessaly, 
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central Greece and reference sequences of L. donovani and L. infantum retrieved from 
GenBank, placed all the Greek Leishmania sequences derived from different hosts, in 
the L. donovani complex. The homology of the nucleotide sequences between the 
Greek Leishmania sequences was 99.7% for humans and hares, and 99.9% for dogs and 
cats. The nucleotide homology between the human, canine, feline and hare Greek 
Leishmania sequences was 98.8%, while the nucleotide homology between the Greek 
Leishmania sequences and the sequences belonging to Leishmania donovani complex 
which were retrieved from GenBank, was 99.1%. 
Based on the analysis of four polymorphic microsatellites of ITS1 sequences of L. 
donovani complex, including reference sequences representing different types of L. 
infantum and L. donovani and the Greek Leishmania sequences of this study, one 
sequence type was identified which was identical to that of L. infantum isolates from 
China and Mediterranean region for all the Greek Leishmania sequences except of the 
“GRE 1 cat” which was identical to that of L. donovani (Table 2).  
In the maximum parsimony tree based on the ITS-1 sequences (Fig. 1), all the Greek 
Leishmania sequences were clustered with L.infantum sequences retrieved from 
GenBank except for the “GRE 1 cat” which was clustered with the other L.donovani 
sequences retrieved from GenBank with a bootstrap value of 62%.  
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Table 2. Microsatellite repeat numbers of ITS1 gene found for L. donovani complex sequences detected in different hosts in Greece compared to 
reference strains 






MHOM/FR/95/LPN114 L. infantum  France Human 3 6 4 8 AJ634340 (Kuhls et al., 2005) 
MHOM/ES/93/PM1 L. infantum  Spain Human 3 6 4 8 AJ634341 (Kuhls et al., 2005) 
MHOM/PT/00/IMT260 L. infantum  Portugal Human 3 6 4 8 AJ634344 (Kuhls et al., 2005) 
MHOM/CN/54/Peking L. infantum  China Human 3 6 4 8 AJ634345 (Kuhls et al., 2005) 
MHOM/TN/80/IPT1 L. infantum  Tunisia Human 3 6 4 8 AJ000289 (Kuhls et al., 2005) 
MHOM/IT/94/ISS1036 L. infantum  Italy Human 3 6 4 8 AJ634353 (Kuhls et al., 2005) 
MCAN/FR/87/RM1 L. infantum  France Canine 3 6 4 8 AJ634346 (Kuhls et al., 2005) 
GRE 1 human-GRE 4 human L. infantum  Greece Human 3 6 4 8 KY379083-
KY379086 
This study 
GRE 2 cat – GRE 5 cat L. infantum  Greece Feline 3 6 4 8 KY379075-
KY379078 
This study 
GRE 8 hare-GRE 11 hare L. infantum  Greece Hare 3 6 4 8 KY379079-
KY379082 
This study 
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GRE 4 dog-GRE 8 dog L. infantum  Greece Canine 3 6 4 8 KY379070-
KY379074 
This study 
MHOM/FR/62/LRC-L47 L. infantum  France Human 3 6 4 8 AJ000288.1 (Kuhls et al., 2005) 
GRE 1 cat L. donovani  Greece Feline 3 6 4 7 KY379069 This study 
MHOM/CN/00/Wangjie1 L. donovani  China Human 3 6 4 7 AJ000294 (Kuhls et al., 2005) 
MCAN/SD/00/LEM3946 L. donovani  Sudan Canine 3 6 4 7 AJ634356 (Kuhls et al., 2005) 
MHOM/SD/62/LRC-L61 L. donovani  Sudan  Human 2 8 6 8 AJ634365 (Kuhls et al., 2005) 
MHOM/SD/93/9S L. donovani  Sudan Human 2 9 5 7 AJ634372 (Kuhls et al., 2005) 
MHOM/IN/71/LRC-L51a L. donovani  India Human 2 8 5 7 AJ000290 (Kuhls et al., 2005) 
MHOM/IN/80/DD8 L. donovani  India Human 2 8 5 7 AJ000292 (Kuhls et al., 2005) 
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Figure 1. Phylogenetic tree constructed based on ITS1 sequences of 52 Leishmania 
sequences in this study. Phylogenetic tree based on Maximum Parsimony analysis from 
52 Leishmania sequences (ITS-1 between the genes coding for SSU rRNA and 5.8SrRNA) 
including the 18 Greek Leishmania sequences under study, GRE 1 human-GRE 4 human, 
GRE 1 cat – GRE 5 cat, GRE 8 hare-GRE 11 hare and GRE 4 dog-GRE 8 dog (accession 
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numbers KY379069-KY379086).  With some minor differences, the phylogenetic tree 
based on the Bayesian analysis (available on request) showed similar topologies.  
 
Discussion 
In this study, we used Leishmania ITS1 sequences derived from Leishmania PCR positive 
humans, domestic and wild animals from Thessaly, central Greece in order to infer the 
phylogenetic position of the Leishmania spp infecting different hosts in the study area. 
Phylogenetic analysis revealed that the Leishmania sequences derived from different 
hosts in Thessaly belong in the L. donovani complex. The analysis of ITS1 for 
microsatellite repeat numbers identified L. infantum in all the Leishmania sequences 
included in the study and L.donovani in one feline Leishmania sequence.  
Differentiation among Leishmania spp and in particular between the two 
representatives of the L.donovani complex, the etiological agents of VL, the most 
severe form of leishmaniasis, is still a subject of study due to the differences in their 
epidemiology and pathology. Multilocus Enzyme Electrophoresis (MLEE) is still 
regarded as the reference technique for the identification of Leishmania species and 
subspecies. However, this technique presents important drawbacks (SchöNian et al., 
2011). Consequently, several molecular tools have been developed for the 
identification of the Leishmania species based on different coding and non-coding 
regions in the Leishmania genome (SchöNian et al., 2011). PCR-RFLP of the ITS1 is the 
most widely used assay for direct detection and identification of Leishmania species in 
the Old World  (SchöNian et al., 2011). However, representatives of the L. donovani 
complex (L. donovani and L. infantum) have almost identical RFLP patterns with a great 
variety of restriction enzymes (SchöNian et al., 2011). On the contrary, sequencing of 
the 350 bp ITS1 PCR product allows for clear separation of all the medically relevant 
Leishmania species, even L. infantum from L. donovani, and assigns strains of these 
species to different phylogenetic groups (Kuhls et al., 2005). Thus, sequence data of the 
ITS1 region have been used to resolve taxonomic questions and to determine 
phylogenetic affinities among closely related Leishmania species by previous studies as 
well (Dávila and Momen, 2000; El Tai et al., 2001; Hajjaran et al., 2013; Kuhls et al., 
2005; Parvizi et al., 2008; Schönian et al., 2000; Yang et al., 2010). Other PCR assays 
such as cpb and k26 gene PCR, are discriminative between L. donovani and L. infantum 
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species (Haralambous et al., 2008; Hide and Bañuls, 2006). However, both PCR assays 
require more than 50 pg of DNA for successful amplification (Haralambous et al., 2008; 
Hide and Bañuls, 2006) and their application may be limited in clinical samples with 
such a low parasite load as in our case. In particular, in our study, the cpb PCR assay 
failed to give a detectable PCR product in all the human, hare and feline samples and 
in 31 out of the 42 canine samples examined while Leishmania DNA was successfully 
amplified by k26 PCR assay only in the canine positive controls. Regarding ITS1 PCR 
assay, it has been suggested that it is sufficiently sensitive at the level of 0.1 parasites 
per PCR reaction (Chargui et al., 2012). The fact that in the majority of the samples 
examined, a positive PCR result was obtained following a second round of amplification 
(nested ITS1 PCR), is indicative of a quite low parasite load, possibly less than the 50pg 
of DNA that is required for successful amplification using the cpb and k26 PCR assays. 
Moreover, these negative results could be possibly attributed to the presence of PCR 
inhibitors in the human and feline blood samples and in the liver hare samples, but this 
assumption has not been tested in this study.  
L. infantum is considered the most widely circulating species in Greece while L.tropica 
causing CL occurs sporadically (Gkolfinopoulou et al., 2013). The results of this study 
are also suggestive of the predominance of L. infantum in humans, dogs, cats and hares 
in Thessaly, central Greece while L. tropica was not detected in any of the samples 
examined. This finding supports the existence of the zoonotic transmission cycle of 
L.infantum in the study area and is suggestive of the possible overlapping between 
domestic and sylvatic transmission cycles. Although an adequate number of samples 
were collected and examined from the different host species, as revealed by the 
phylogenetic analysis, the genetic variability of L. infantum ITS1 microsatellite repeats 
in circulating strains was rather low. This finding was not surprising; as it has been 
previously reported, there are almost no differences in the ITS sequences within L. 
infantum strains whereas L. donovani strains are more heterogeneous (Kuhls et al., 
2005). The use of other molecular markers with greater level of resolution would 
enable the exploration of the differences between these closely related sequences and 
would provide differentiation between Leishmania parasites at the strain level. 
However, the kind of the available clinical samples did not make possible the 
application of such molecular markers. These molecular markers can be used in PCR 
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fingerprinting, RAPD techniques and PCR-RFLP approaches based on sequence 
polymorphisms in coding and non-coding regions of multigene families. However, 
these techniques present several drawbacks in terms of reproducibility and 
comparability between laboratories (SchöNian et al., 2011). MLEE, multilocus sequence 
typing (MLST) and multilocus microsatellite typing (MLMT) are the most discriminative 
ones at intra-species level, allowing further characterization of the parasite diversity, 
with the latter being the best choice for strain level differentiation due to its better 
reproducibility and possibility of data storage and exchange (SchöNian et al., 2011). 
Although the differentiation at strain level was out of the scope of this study, such an 
analysis would be greatly informative, and we consider this as a limitation of our study. 
Although L. donovani was considered to be limited to East Africa and South Asia, its 
geographical distribution is gradually expanding with reports coming also from the 
Mediterranean region and Middle East (Al-Salem et al., 2016; Oshaghi et al., 2009). 
Apart from the anthroponotic transmission of VL caused by L. donovani in East Africa, 
Bangladesh, India, and Nepal (Al-Salem et al., 2016; Dereure et al., 2003), a zoonotic 
transmission involving dogs and rodents in East Africa  (Dereure et al., 2003; Kassahun 
et al., 2015), goats in India (Singh et al., 2013) and dogs in Bangladesh (Alam et al., 
2013)  has been suggested. So far, L. donovani has not been identified in any animal 
host in Greece and no human VL cases caused by L. donovani have been reported 
(Gkolfinopoulou et al., 2013). However, under-reporting or lack of species identification 
in all the human and animal cases cannot be excluded. The species identification is not 
regularly performed in Greece in human leishmaniasis cases and in dogs presenting 
leishmaniasis while the latter are not officially notified despite the law requirements.  
To the best of our knowledge, L. donovani has not been described in cats previously. 
Unexpectedly, in this study, L. donovani infection was detected in a 12-year-old, male, 
DSH cat which was admitted to a local veterinary clinic in Karditsa, Thessaly, central 
Greece for routine examination. At the time of presentation, the owner reported that 
the cat was living indoors and treatment for endoparasites and vaccinations were 
performed regularly. Physical examination was normal. The feline samples included in 
the study were collected in the context of the research program THALES for the 
epidemiological investigation of Bartonella infection in randomly selected clinically 
healthy cats admitted to veterinary clinics in Thessaly. These samples were 
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retrospectively examined for Leishmania infection and as the initial aim of the study did 
not involve the investigation of Leishmania infection in cats, no collection of further 
clinical/anamnestic details and data on the disease history of cats was foreseen at the 
time of the research program implementation. Taken into consideration the initial aim 
of the study, other biological samples than whole blood in EDTA, were not collected 
from the cats included in the study. Regarding the sensitivity of PCR assays for 
Leishmania DNA detection, it has been shown that they may be less, equally or even 
more sensitive when using blood instead of other biological samples (Reithinger et al., 
2000; Lachaud et al., 2001; Strauss-Ayali et al., 2004; Manna et al., 2004; Francino et 
al., 2006; Ferreira et al., 2008; Manna et al., 2008; Leite et al., 2010; de Almeida Ferreira 
et al., 2012; Lombardo et al., 2012). However, it has been shown that bone marrow, 
lymph node, spleen, skin and conjunctiva are the tissues presenting the highest 
sensitivity for the molecular diagnosis of Leishmania spp infection (Tsokana et al., 
2014). In fact, it has been recently shown that PCR positivity in different tissues from 
cats ranged from 3.1% (conjunctival swab) to 16% (bone marrow), 18.2% (skin biopsy) 
and 13% (blood) in clinically normal cats and in cats with various clinical signs living in 
the region of Thessaly (central Greece) and Thessaloniki (northern Greece), indicating 
the need for multiple tissue PCR testing to draw solid conclusions on the infection 
status of a cat (Chatzis et al., 2014). Thus, L.donovani DNA could have been probably 
successfully amplified by the other PCR assays used (cpb and k26 PCR) in this study, if 
other biological specimens were available from the examined cat. The lack of further 
clinical/anamnestic details on the L.donovani infected cat as well as the absence of 
other biological samples that did not enable the confirmation of this finding with an 
alternative diagnostic method or target gene, constitute the major limitations of this 
study. Consequently, the detection of L.donovani infection in this cat, although 
indicated from our findings, should be treated with caution and should be further 
investigated in future studies.  
In a previous study in the region of Thessaly it was found that 13.3% of the cats 
examined by ITS1 nested PCR were positive for Leishmania DNA supporting the 
hypothesis that cats may also serve as a reservoir for Leishmania spp in this region 
(Giannakopoulos et al., 2017). In Greece, cats live in close proximity to humans. In the 
absence of official records, an assessment of the current feline population in Greece is 
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difficult. However, it appears that stray cats outnumber the owned ones and their 
population depends on the human population density. Epidemiological studies on the 
Greek feline population are lacking and unlike stray dogs, no feline management 
programs exist in Greece; some efforts on stray cats’ neutralization are made 
sporadically at the initiative of local animal welfare associations. The importance of this 
species stems also for the fact that cats are nocturnal predators, operating in a 1.5 km 
radius of their residence using forests as hunting territory and they are adaptive in 
different kinds of habitats. These behavioral characteristics make them vulnerable to 
exposure and an excellent candidate as a connective link between sylvatic and 
domestic transmission cycle of Leishmania spp (Soares et al., 2016). Besides, the 
Leishmania species that have been identified in cats worldwide are of zoonotic concern 
(Soares et al., 2016). The present study creates concern on the role of cats in the 
epidemiology of Leishmaniasis in Greece suggesting that surveillance, design and 
implementation of management programs on the Greek feline population are crucial.  
Regarding the sandfly species that have been reported in the study area, Phlebotomus 
perfiliewi, P. tobbi, and P.neglectus are considered to be competent vectors of 
L.infantum and P. similis is regarded as a competent vector of L.tropica (Ivović et al., 
2007; Ntais et al., 2013). Additionally, the presence of P. perfiliewi in the region of 
Thessaly (Ntais et al., 2013) seems to be of interest as P. perfiliewi transcaucasicus, was 
previously shown to circulate L. donovani, L. infantum (Oshaghi et al., 2009) and L. 
tropica (Parvizi et al., 2008) suggesting that this species is a permissive vector. P. tobbi 
could be incriminated for the transmission of both L. infantum and L. donovani; L. 
donovani was detected in P. tobbi in Syria while its feeding preference on humans was 
recently shown through blood meal identification in Turkey (Mazeris et al., 2010; 
Svobodová et al., 2009). Thus, the conduction of further entomological studies is highly 
needed to give insight into the potential vectors of additional Leishmania spp in the 
region and the vector abundance.  
The geopolitical position of the country, located at the crossroads of Europe, Asia and 
Africa, makes Greece a common tourist destination with the vast majority of tourists 
being from the European Union (EU), followed by those from the Americas, Asia, 
Oceania and Africa. The last years many immigrants from countries outside the EU 
moved and settled in Greece. Recently, Greece also became the entrance point of 
Institutional Repository - Library & Information Centre - University of Thessaly
07/06/2020 02:56:41 EEST - 137.108.70.13
200 
 
refugees moving to North Europe. However, the current political circumstances led to 
the remain and “entrapment” of a great number of refugees in Greece under crowded 
and poor sanitation conditions. In fact, three refugees’ hosting units are currently 
operating in the study area. The above-mentioned facts along with the presence of 
competent vectors, the environmental changes, urbanization and extended 
agricultural projects seem to make up important risk factors for the circulation of non-
endemic Leishmania species in Greece.  
 
Conclusions  
The lessons learned from the emergence of new Leishmania spp in other countries 
following the movement of refugees such as from Syria to the neighboring Turkey 
(Koltas et al., 2014) should give the impetus for integrated and targeted surveillance on 
human, animal and sandfly vector population in Greece. The conduction of extensive 
entomological studies is of paramount importance while intensive typing of natural 
Leishmania infections even with PCR assays such as ITS1 PCR followed by RFLP or 
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The aim of the present study was to investigate the occurrence of Bartonella spp, 
Brucella spp, Coxiella burnetii, and Francisella tularensis in European Brown hares 
(Lepus europaeus) hunter harvested during two-year hunting periods in northern and 
central Greece. Serum samples were examined for the presence of IgG antibodies using 
IFAT and/or ELISA. PCR was used to detect Bartonella spp DNA in blood samples and 
Brucella spp, C. burnetii, and F. tularensis DNA in liver samples. Antibodies against 
Bartonella spp were detected in 12 hares (12/105) while none of the hares examined 
was seropositive for Brucella spp, C. burnetii, and F. tularensis. The presence of 
Bartonella, Brucella spp, C. burnetii, and F. tularensis DNA was not detected in the 
samples examined. Ιt seems that the role of European Brown hare in the epidemiology 
of Brucella spp, C. burnetii, and F. tularensis is of minor importance in Greece while this 
species is exposed to Bartonella spp which gives the impetus for further investigation 
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Bartonella spp. are facultative intracellular Gram-negative alphaproteobacterial (order 
Rhizobiales, family Bartonellaceae) causing bartonellosis worldwide. To date, about 30 
Bartonella species are known (Birtles, 2005; Silaghi et al., 2016) and distributed among 
a broad range of mammalian hosts, extending from humans to carnivores, ungulates, 
rodents, insectivores, bats and lagomorphs (Vayssier-Taussat et al., 2009). 
Haematophagous arthropod vectors such as fleas, lice, sandflies and ticks have been 
implicated in the transmission of bartonellae among different mammalian hosts (Bai et 
al., 2016; Gutiérrez et al., 2015; Silaghi et al., 2016).  
Regarding lagomorphs, Bartonella alsatica was first isolated from the blood of wild 
rabbits from the Alsace region in France (Heller et al., 1999). Since then, B.alsatica has 
been also detected in wild rabbits (Oryctolagus cuniculus) in Andalusia, Spain (Márquez, 
2010) while also two human cases of endocarditis and one human case of 
lymphadenitis caused by B.alsatica have been reported (Angelakis et al., 2008; 
Jeanclaude et al., 2009; Raoult et al., 2006). B. alsatica DNA has been successfully 
detected in fleas (Spilopsyllus cuniculi) from wild rabbits in France and a European 
wildcat (Felis silvestris silvestris) in Andalusia, Spain (MáRquez et al., 2009). This finding 
suggests that although S. cuniculi is a rare infestation in cats, they may get infected 
through close contact with rabbits and serve as a potential source of B.alsatica for 
humans. On the other hand, a study carried out in California did not detect bartonellae 
in blood specimens from riparian brush rabbits (Sylvilagus bachmani riparius) (Schmitz 
et al., 2014). Recently, the occurrence of Bartonella spp infection in European Brown 
hare was investigated in central Italy and based on the negative results obtained, the 
authors suggested that hares may not be very sensitive to these pathogens (Rocchigiani 
et al., 2018).  
B. abortus, B. melitensis, and B. suis are highly pathogenic for domestic and wild 
animals as well as for humans. Hares have been shown to be infected by B. suis biovars 
1 and 2 while along with wild boars, they are an important reservoir of B. suis biovar 2 
(Godfroid et al., 2005; M. Gyuranecz et al., 2011). Although biovar 1 is highly 
pathogenic and cause severe disease in humans, biovar 2 has only exceptionally been 
described as the causative agent of human brucellosis (Godfroid et al., 2005; Teyssou 
et al., 1989). However, the importance of B. suis biovar 2 stems for the fact that hares 
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can maintain the bacterium and infect domestic animals (grazing pigs and cows) even 
in the absence of a wild boar population (Godfroid et al., 2005).  
The wide range of C. burnetii host species comprising arthropods, birds and mammals, 
suggests that complex reservoir systems may exist. Though, domestic ruminants are 
the main source of C. burnetii infection for humans (Meredith et al., 2015). Molecular 
and serological evidence of C. burnetii in hares has been previously reported and 
attributed to their feeding habits (Astobiza et al., 2011; Ejercito et al., 1993; Marrie et 
al., 1993).  
F. tularensis affects more than 300 species of mammals including humans, birds, 
amphibians or invertebrates, and especially lagomorphs and rodents (Moinet et al., 
2016). In the terrestrial lifecycle, which is predominant in most European countries, the 
lagomorphs, terrestrial rodents and ticks are the main source of human infections 
(Maurin and Gyuranecz, 2016). European Brown hare is highly susceptible and even 
extremely low infectious doses result in marked bacteremia thus being a serious source 
of infection for blood sucking ectoparasites. Moreover, their carcasses and excrements 
may contaminate the environment while those developing a chronic form of the 
disease, become a permanent source of F. tularensis for other animals in the natural 
nidus as well as for humans (Treml et al., 2007).  
This study aims to investigate the role of European Brown hare in the epidemiology of 
important bacterial zoonotic pathogens that is, Bartonella spp, Brucella spp, C. burnetii 
and F. tularensis in northern and central Greece.  
 
Materials and Methods 
Hare samples 
Sera (n=105), whole blood samples in EDTA (n=49) and liver samples (n=52) were 
collected from free-ranged hares that were shot in northern and central Greece (Table 
1). Blood samples were collected from the heart or the thoracic cavity of the shot hares. 
Blood samples without anti-coagulant were centrifuged, and sera was stored at -20°C 
pending examination for antibodies against Bartonella spp, Brucella spp, C. burnetii, 
and F. tularensis. Blood samples in EDTA and liver samples were stored at -20˚C pending 
DNA extraction. Sera, blood and liver samples were submitted still frozen to the 
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Laboratory of Microbiology and Parasitology, University of Thessaly, Greece. Data on 
gender were recorded, when possible, for the subjects included in the study. The 
location data of hares were marked with handheld Global Positioning System (GPS) 
Garmin units in the field.  
 
Table 1. The number of serum, blood and liver hare samples collected in each region of 
the study area 
 
 
Serological investigation  
Serum samples from hares (n=105) were assayed for IgG antibodies against B.henselae 
(Fuller Laboratories Fullerton, California, USA), B. abortus and F. tularensis (Fuller 
Laboratories Fullerton, California, USA) and C. burnetii (Vircell, Granada, Spain) using 
commercial agent specific slides following the manufacturer's instructions. A 
fluorescein isothiocyanate conjugated sheep anti rabbit IgG (BioFX Laboratories, 
Owings Mills, USA) was used. Dilutions of the samples were prepared in phosphate 
buffered saline (PBS). The starting dilution was 1:16, to detect antibodies against 
B.henselae, Brucella spp, C. burnetii and F. tularensis, until the end-point titer. For 
Bartonella spp the endpoint titers defined as the last dilution at which brightly stained 
organisms could be detected by fluorescence. A cut-off titer for seroreactivity was 
arbitrarily defined as 1:64. The intensity of bacillus-specific fluorescence was scored 
subjectively from 1 to 4. Samples with a fluorescence score of ≥2 at a dilution of 1:64 






Thessaly 31 24 27 
Central Macedonia,  
northern Greece 
38 15 15 
Eastern Macedonia  
and Thrace, northern Greece 
36 10 10 
Total  105 49 52 
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were considered positive. The same two readers performed a double-blind reading of 
each slide.  Titers ≥ 1:32 for C. burnetii, B. abortus and F. tularensis were considered 
positive. Negative and positive control samples were included on each slide.  
The serum samples were also tested using commercial indirect ELISA kits for antibodies 
against C. burnetii (ID Screen® Q Fever Indirect Multi-species, Grabels, France) which 
included wells coated with a C. burnetii phase I and II strain and Brucella spp (ID Screen® 
Brucellosis Serum Indirect Multi-species, Grabels, France) which enables the detection 
of antibodies against B. abortus, B. melitensis and B. suis. In both ELISA kits, an Anti-
multi-species-IgG-HRP conjugate was included and used for the examination of the 
hare serum samples. All procedures were performed following manufacturer’s 
recommendations.  
 
Molecular investigation  
Total genomic DNA extraction was performed using a commercially available DNA 
extraction kit (Thermo Scientific GeneJET Genomic DNA Purification Kit, Thermo Fisher 
Scientific, USA) according to the manufacturer’s protocol in 49 blood and 52 liver hare 
samples. The purified DNA was stored at -20˚C.  
Bartonella 16S-23S ribosomal RNA intergenic spacer (ITS) PCR amplification was 
performed as described previously (Vissotto De Paiva Diniz et al., 2007) using the 
primers 325s 5’-CTT CAG ATG ATG ATC CCA AGC CTT YTG GCG -3’ and 1100as 5’-GAA 
CCG ACG ACC CCC TGC TTG CAA AGC A-3’) in DNA extracts from 49 blood samples. 
Blood samples were further tested for the presence of Bartonella DNA using a nested 
PCR approach (Rampersad et al., 2005) with primers P-bhenfa (5'-
TCTTCGTTTCTCTTTCTTCA) and P-benr1 (5'-CAAGCGCGCGCTCTAACC) for the first 
amplification and nested primers Nbhenf1a (5'-GATGATCCCAAGCCTTCTGGC) and 
Nbhenr (5'-AACCAACTGAGCTACAAGCC) for the second round of amplification. One 
microlitre of blood-extracted DNA template was used in the primary PCR reaction and 
1 μl of the primary reaction was used in the nested reaction.  
The liver hare samples were examined by previously described conventional PCR assays 
for the detection of Brucella spp, C. burnetii and F. tularensis DNA. Brucella 16S rRNA 
PCR amplification was carried out using the primer pair F4 (5’-TCG AGC GCC CGC AAG 
GGG-3’)-R2 (5’-AAC CAT AGT GTC TCC ACT AA-3’) which amplifies a 905-bp fragment, 
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as described previously (Romero et al., 1995). The Trans-PCR assay was used for the 
detection of C.burnetii DNA with primers Trans1 (5’-TAT GTA TCC ACC GTA GCC AGT C-
3’) and Trans2 (5’-CCC AAC AAC ACC TCC TTATTC-3’) targeting a transposon-like 
repetitive region of the C. burnetii genome (Berri et al., 2000). The expected PCR 
product size was 687 bp. The 17-kDa gene PCR amplification with primers TUL4-435 
and TUL4-863 that yield a 0.4-kb fragment, was performed for the detection of F. 
tularensis DNA (Johansson et al., 2000). Positive and negative controls were included 
in each PCR run. The PCR products were visualized under UV-light, after 2% agarose gel 
electrophoresis and staining with ethidium bromide (0.5 μg/ml).   
Amplicons from PCR positive hares were sequenced. The positive PCR products were 
purified using the PureLink PCR purification kit (Invitrogen, Carlsbad, CA, USA) and were 
bidirectionally sequenced using the fluorescent BigDye Terminator Cycle sequencing 
kit v3.1 (Applied Biosystems, Foster City, USA), followed by fragment separation with a 
3,730xl DNA analyzer (Applied Biosystems, Foster City, USA). 
 
Ethics 
The hare serum, blood and liver samples included in the study, represent material 
collected opportunistically (no active capture, killing and sampling of wild animals 
specifically for this study was performed) from animals hunter-harvested by members 
of the Greek Hunting Federation of Macedonia and Thrace and the Greek Hunting 
Federation of Thessaly and Sporades, during the hunting seasons, according to the 
prerequisites of the Greek Legislation and submitted to our laboratory for Passive 
Wildlife Disease surveillance. Thus, special approval was not necessary and steps to 
ameliorate suffering were not applicable in this study. Research on animals as defined 
in the EU Ethics for Researchers document (European Commission, 2007, Ethics for 
Researchers - Facilitating Research Excellence in FP7, Luxembourg: Office for Official 
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Serological investigation  
Antibodies against Bartonella spp were detected in 12 hare serum samples (12/105, 
11.4% 95% CI: 6.6-18.9); 11 samples from northern Greece (11/74, 14.8% 95% CI: 8.5-
24.6) and one sample (1/31, 3.2% 95% CI: 0.5-16.1) from central Greece (Table 2). Titers 
of antibodies against Bartonella spp ranged from 1:64 to 1:128; serum titers of 1:64 in 
11 hares and 1:128 in one hare. Although 19 additional hare serum samples (10 from 
northern Greece and nine from central Greece) were found seroreactive in 1:32 
dilution, they were designated as negative based on the cut-off value used and they 
were not included in the seroprevalence estimation. None of the hare serum samples 
was found positive for antibodies against C. burnetii and Brucella spp by IFAT and ELISA 
and F. tularensis by IFAT.  
Records on the gender were available for 39 out of the 105 subjects (17 males and 22 
females). Out of the 12 Bartonella seropositive hares, gender was recorded for five 
individuals; two males and three females. The gender was unknown for the remaining 
seven seropositive individuals.   
 
Table 2. The prevalence of antibodies against Bartonella spp, Brucella spp, C.burnetii, 










C. burnetii F. tularensis 
Positive Positive Positive Positive 
Thessaly 31 1 0 0 0 
Central Macedonia, 
northern Greece 
38 4 0 0 0 
Eastern Macedonia 
and Thrace, northern 
Greece 
36 7 0 0 0 
Total  105 12 0 0 0 
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Molecular investigation  
None of the blood samples examined was positive for Bartonella DNA in the 16S-23S 
ribosomal RNA intergenic spacer (ITS) PCR amplification nor in the nested approach. 
Similarly, none of the examined hare liver samples was found positive for Brucella spp, 
C. burnetii, and F. tularensis DNA.  
 
Discussion  
This study reports the occurrence of Bartonella spp exposure of European brown hares 
in northern and central Greece with an overall seroprevalence of 11.4% whereas none 
of the hares examined was seropositive for Brucella spp, C. burnetii and F. tularensis. 
Bartonella spp, Brucella spp, C. burnetii and F. tularensis DNA was not detected in any 
of the samples examined.  
Serology can be used to infer previous exposure of a host to Bartonella spp. However, 
it is highly insensitive for species identification due to cross reactivity to antigens 
common to most Bartonella species (Chomel et al., 2004; MacDonald et al., 2004). In 
this study, the occurrence of hare exposure to Bartonella spp is documented through 
the detection of IgG antibodies in 11.4% of the hare serum samples examined using 
IFAT slides coated with cells infected with B.henselae. Τhe seropositive results obtained 
are possibly justified by the cross reactivity to common antigens among Bartonella 
species. A low level of cross-reaction with C. burnetii has been also reported in 
Bartonella infections (La Scola and Raoult, 1996). However, none of the hares examined 
was seroreactive for C.burnetii in this study.  
Because of cross-reactivity, bacterial isolation or PCR assays are necessary to identify 
the infecting Bartonella spp (La Scola and Raoult, 1996; MacDonald et al., 2004). 
Furthermore, enrichment culture of clinical specimens in an optimized, insect cell 
culture growth medium, prior to PCR testing, substantially increase the sensitivity of 
detecting Bartonella infection (Breitschwerdt, 2017). The blood samples included in 
this study were collected from the heart or the thoracic cavity of the shot hares by 
hunters and foresters and thus, the collection process was not strictly controlled, and 
it is not considered aseptic. This is the reason why culture was not attempted in our 
study; fastidious growth requirements of this genus of bacteria are well known while 
slow growth and long culture time for Bartonella spp together with the faster growing 
Institutional Repository - Library & Information Centre - University of Thessaly
07/06/2020 02:56:41 EEST - 137.108.70.13
218 
 
contaminating bacteria and fungi that can overrun a culture plate, can make the 
detection of Bartonella difficult or even impossible (Rampersad et al., 2005). In our 
study, Bartonella DNA failed to be amplified using PCR in hare blood samples. The 
decisive factors for this result may be the small amount of detectable Bartonella DNA 
in the hare blood samples, the small number of samples examined and the lack of hare 
competence as a reservoir host for Bartonella spp. Similar results were also obtained 
previously in central Italy where none of the examined European brown hares was 
found positive for Bartonella DNA (Rocchigiani et al., 2018). Further studies, using 
culture or enrichment culture of clinical specimens prior to PCR testing are needed to 
investigate the occurrence of Bartonella DNA in hare samples. Moreover, the study 
design should definitely include strict protocols for sample collection so as to ensure 
the aseptic conditions during sampling and make possible the bacterial culture.  
Albeit not being able to demonstrate the occurrence of Bartonella DNA in hare blood 
samples and to define the responsible species, our findings are suggestive of hare 
exposure to Bartonella spp. Hare is often infested with ectoparasites including fleas, 
ticks and lice (Dik and Uslu, 2018) but data on the arthropod species infesting hares in 
Greece are lacking. It has been suggested that there is not a specific "hare flea" for 
European hares, but rabbit, rat or hedgehog fleas may infest this species (Mullineaux 
et al., 2016). European brown hare is a secondary host of S. cuniculi which is widely 
distributed following its primary host, the rabbit, and it has been implicated in the 
transmission cycle of B.alsatica in wild rabbits, cats and humans. Various mammals 
including red fox, cat, dog, rodents, mustelids, voles, marten, badger and wild boars 
are accidental hosts of S. cuniculi. Pulex irritans and Nosopsyllus fasciatus have been 
also detected in European brown hare (Dik and Uslu, 2018) while also they attack a 
wide variety of mammals including rodents and humans and they are competent 
vectors of Bartonella spp (Bitam et al., 2010). Among the tick genera reported in hares, 
Ixodes, Haemaphysalis and Dermacentor (Dantas-Torres et al., 2011; Dik and Uslu, 
2018; Psaroulaki et al., 2014) were found infected by several Bartonella spp 
(Breitschwerdt, 2017; Sréter-Lancz et al., 2006) in previous studies but a causal link 
between Bartonella spp., clinical signs, and tick bite has not been established yet 
(Vayssier-Taussat et al., 2016). Although, further studies are needed to infer the role of 
hare in the transmission cycle of bartonellae, the results obtained so far are not 
Institutional Repository - Library & Information Centre - University of Thessaly
07/06/2020 02:56:41 EEST - 137.108.70.13
219 
 
suggestive of its role as an alternative reservoir. Though, hare might play a role in the 
eco-epidemiology of Bartonella spp as a maintainer or carrier of infected vectors. 
Although the detected antibody titers were quite low, the presence of antibodies 
against Bartonella spp indicate exposure to the pathogen possibly following 
ectoparasite infestation. Several factors may affect the prevalence of antibodies 
against Bartonella spp and the antibody response in a specific host, including the level 
of infestation with the relevant vector, the population density, the hare’s possible 
resistance to infection, the seasonal activity patterns of vectors and even the specific 
Bartonella species present as it has been suggested for rodents (Tomassone et al., 
2018). However, all these factors should be further investigated so as to understand 
the hare-Bartonella interaction. The importance of hare in the epidemiology of vector 
borne diseases such as bartonellosis, stems for the fact that hares, while keeping their 
small home range, share the same ectoparasites and habitat with other domestic and 
wild animals, some of which may be important hosts of Bartonella spp or even 
reservoirs of bartonellae such as cats and rodents. The latter are the preferential 
reservoir hosts of several Bartonella species in nature among which, B. elizabethae, 
associated with the black rat and Oriental rat fleas (Xenopsylla cheopis), and B. 
grahamii, associated with wild mice and voles and transmitted by rodent fleas, are 
recognized as zoonotic pathogens (Chomel and Kasten, 2010). Moreover, the 
pathogenic B. quintana and B. koehlerae have been detected in rodent fleas (Marié et 
al., 2006). This is further complicated considering that fleas only show host preference 
but no clear host specificity (Silaghi et al., 2016).  
Reported seroprevalences for Brucella spp in hares range from 0% to 17% 
(Winkelmayer et al., 2005). The absence of antibodies against Brucella spp found in this 
study, is consistent with previous studies conducted in Czech Republic (Hubálek et al., 
1993) and Germany (Frandölich et al., 2003) suggesting that Le.europaeus plays no 
significant role as wildlife reservoir for B. suis in Greece. We could also hypothesize that 
the hare population examined had no previous or current contact with infected wild 
boars or infected domestic pigs. Besides, to our knowledge, there are no studies on the 
seroprevalence of B. suis in wild boars in Greece while domestic pigs are mainly kept 
indoors and a serosurvey conducted previously in swine herds in northern and southern 
Greece showed a 3% seroprevalence (Burriel et al., 2003).  
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Our findings on the absence of antibodies against C. burnetii are in agreement with 
studies previously conducted in Czech Republic (Hubálek et al., 1993) and Germany 
(Dedek et al., 1990). However, a seroprevalence of 49% in hares was reported 
previously in Nova Scotia (Marrie et al., 1993). Serological studies in Greece reported 
seropositivity for C. burnetti in 35% of the dairy cattle herds examined in central and 
northern Greece (Dovolou et al., 2011), in 6.5% of goats and 10.4% of sheep in 
Northern Greece (Pape et al., 2009) and in 14.5% of sheep and 15% of goats in Central 
Greece (Valiakos et al., 2017). A possible explanation for the negative results of our 
study is that the hare population examined in our study did not get infected when fed 
on pastures that semi-extensive livestock animals have access in summer and could 
possibly contaminate them with C. burnetii positive faeces (Ejercito et al., 1993).  
Serological tests are useful diagnostic tools for epidemiological surveys of tularemia in 
European brown hares as they are moderately sensitive to F. tularensis infection, they 
seroconvert, and they can potentially carry viable bacteria over a longer time span and 
thus serve as a reservoir species (Mikl?s Gyuranecz et al., 2011). Previous studies in 
other European countries showed that the seroprevalence of F. tularensis in hares 
range from 4.5% (Hoflechner-Poltl, 2000) to 6.5% (Treml et al., 2007). To our 
knowledge, there are no studies on F. tularensis in Greece. The negative serological 
findings on the hare population from this study are consistent with the existing 
knowledge that Greece is among the European countries that are deemed to be free 
of tularaemia (Maurin and Gyuranecz, 2016).  
 
Conclusions 
Our fidings support the minor importance of the role of European Brown hare in the 
epidemiology of Brucella spp, C. burnetii, and F. tularensis in Greece and are suggestive 
of European brown hare exposure to Bartonella spp. The studies conducted so far, 
support the lack of hare competence as a reservoir host for Bartonella spp. It is possible 
that hare acts as a maintainer or carrier of infected vectors, but this hypothesis remains 
to be confirmed by other studies. The need for culture or enrichment culture of clinical 
specimens prior to PCR testing and aseptic sampling in order to draw solid conclusions 
on the presence or absence of Bartonella DNA in clinical samples are herein highlighted 
and should be considered in future studies.  
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The studies conducted in this PhD thesis led to the following conclusions: 
• Leishmania infection was evidenced for the first time in European brown hare 
in Greece. The Leishmania DNA prevalence was found to be 23.49% in brown 
hares from Thessaloniki and Chalkidiki during 2007-2011. The high prevalence 
of infection found in our study together with the infectiousness of hares to sand 
flies and the feeding preference of the latter for hares, as documented earlier 
in Spain, raises concern about the role of hares in the epidemiology of 
Leishmania spp in Greece. The nucleotide sequence homology detected 
between the hare and the canine Leishmania sequences from the same areas 
was 98.9%, indicating a possible overlapping of wild and domestic transmission 
cycles. No association between human leishmaniasis cases and hare infection 
was indicated and the hypothesis made was that leishmaniasis is still in the 
sylvatic transmission cycle in Chalkidiki whereas it seems that an overlapping of 
sylvatic and domestic transmission cycles occurs in Thessaloniki. Precipitation 
was recognized as an important environmental parameter influencing the 
probability of a hare to be Leishmania infected.  
• The occurrence of T.gondii (5.7%), N.caninum (0.95%) and L.infantum (12.4%) 
exposure and the N.caninum (3.8%) and L.infantum (9.6%) infection in 
European brown hares from central and northern Greece, were demonstrated 
for the first time. The low N.caninum seroprevalence (0.95%) and DNA 
prevalence (3.8%) indicated the existing although limited exposure of this 
species to N.caninum in Greece and a low risk for hunting dogs, wild canids and 
wild boar to be infected through the consumption of infected hares. The most 
important influential environmental variables associated with hare exposure to 
T.gondii and L.infantum were precipitation and habitat types. These parameters 
affect a) the dynamics of oocysts survival and dispersal for T.gondii, b) the 
activity period of sandflies, their survival, the promotion of adult emergence 
and the determination of the appropriate oviposition sites for L.infantum and 
c) the population density of important hosts in both cases. The overlapping of 
sylvatic and domestic transmission cycles of L.infantum was suggested for the 
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region of Thessaly as well, a highly endemic region for human and canine 
leishmaniasis, where Leishmania infection has been also reported in cats and 
red foxes. This hypothesis was further supported by the exposure of hares to N. 
caninum and T. gondii that indirectly indicated that hares share the same living 
space with their definitive hosts, that is wild carnivores such as gray wolf and 
dogs for N. caninum and cats or free-ranging felids for T. gondii. Concerning the 
hare-red fox contact, it is well documented as hare is a common prey for red 
foxes.  
• Leishmania sequences derived from different hosts in Thessaly, that is humans, 
dogs, cats and hares, belonged in the L.donovani complex. L. infantum was 
identified in all the Leishmania sequences included in the study suggesting the 
predominance of this species, the existence of the zoonotic transmission cycle 
of L.infantum and the possible overlapping between domestic and sylvatic 
transmission cycles in the study area. L.donovani was identified in one feline 
Leishmania sequence, providing indication of the possible circulation of a 
previously unreported Leishmania species in Greece which should be further 
investigated in future studies.  
• Τhe role of European Brown hare in the epidemiology of Brucella spp, C. 
burnetii, and F. tularensis is of minor importance in Greece as suggested by the 
negative serological and molecular results obtained. Though, the exposure of 
European brown hares to Bartonella spp (11.4%) which was reported for the 
first time, gives the impetus for further investigation of its role as another host 
of this bacterium. These findings are not suggestive of its role as an alternative 
reservoir, but this species may act as a maintainer or carrier of infected vectors. 
Besides, while keeping their small home range, hares share the same 
ectoparasites and habitat with other domestic and wild animals, some of which 
may be important hosts of Bartonella spp or even reservoirs of bartonellae such 
as cats and rodents.  
 
This thesis gives insight into the role of an important game species in Greece, 
European brown hare, in the epidemiology of parasitic and bacterial pathogens of 
zoonotic potential. This species has a limited home range, being thus prone to many 
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infectious diseases of natural nidality while sharing the same living space with other 
wild and free-ranging animals including canids, felids and large birds of prey,  which 
comprise its natural predators and hunting grounds with domestic dogs. Its 
importance is further enhanced by cross border and long-distance movements 
possibly as part of live animal translocations, as the host of vectors and the prey of 
carnivores and omnivores that travel in great distances and get into contact with 
domestic animals and humans. Besides, its short life span makes this species an 
excellent indicator for recent pathogen transmission in the area and its intensive 
contact with vectors such as ticks, mosquitoes and sandflies has implicated hare in 
the epidemiology of important vector borne diseases such as Leishmaniasis. The 
continuous surveillance of hare populations could provide information on the hare 
population health status and the pathogens circulating in the area posing risk for 
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This thesis aimed to investigate the role of European brown hare (Lepus europaeus) as 
a source of important emerging and re-emerging pathogens. The serological and 
molecular surveys herein conducted investigated for the first time the occurrence of 
infection and/or exposure of brown hare to Toxoplasma gondii, Neospora caninum, 
Leishmania infantum, Bartonella spp, Brucella spp, Coxiella burnetii, and Francisella 
tularensis in Greece. Moreover, the Ecological Niche of Toxoplasma gondii and 
Leishmania infantum in seropositive hares has been defined. The role of this species in 
the epidemiology of Leishmaniasis was further investigated through GIS analysis for 
identification of the environmental parameters related to Leishmania infection in hares 
as well as phylogenetic analysis of the Leishmania parasites detected in hares. The 
phylogenetic position of the Leishmania spp detected in humans, dogs, cats and hares 
in Thessaly, Central Greece and the first indication for the circulation of L.donovani in 
Greece are also part of this thesis.  
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In the first chapter of this thesis the tools that have been developed for molecular 
diagnosis of Leishmaniasis, species identification and phylogenetic analysis presenting 
different sensitivity and discriminatory power were summarized.  
The first evidence of Leishmania infection in European Brown Hare in Greece was 
reported in the second chapter of this thesis. The Leishmania DNA prevalence in hares 
was found to be 23.49% in Northern Greece (prefectures of Thessaloniki and Chalkidiki) 
from 2007-2011. The phylogenetic analysis showed that the hare Leishmania 
sequences belong in the Leishmania donovani complex. The homology of the 
nucleotide sequences with canine Leishmania sequences of the same area was 98.9% 
suggesting a possible overlapping of wild and domestic transmission cycles of 
Leishmania spp in the region. There was no indication that there is an association 
between the human leishmaniasis cases and the infected hares in the prefectures 
studied while the hypothesis made was that leishmaniasis is still in the sylvatic 
transmission cycle in Chalkidiki whereas it seems that an overlapping of sylvatic and 
domestic transmission cycles occurs in Thessaloniki. Precipitation was recognized as 
the environmental parameter influencing the presence of Leishmania DNA in hares 
with an increase of one unit in the precipitation seasonality to be expected to increase 
the odds of hares to be Leishmania positive by 6.1%.  
The third chapter concerns the serological and molecular survey for parasitic pathogens 
in European brown hares from Northern and central Greece during a two year hunting 
period which showed that the examined hares were N.caninum (3.8%) and L.infantum 
(9.6%) infected while, 5.7%, 0.95% and 12.4% of the hares reacted positively for the 
presence of antibodies against T.gondii, N.caninum and L.infantum respectively. 
Geographical information system (GIS) analysis together with the Ecological Niche 
Model (ENM) showed that rainfall indices and land uses are significantly influential for 
hare exposure to T.gondii and L.infantum. The high-risk areas for hare exposure to 
T.gondii and L.infantum were identified and a risk map for the regions of northern and 
central Greece was created.   
The phylogenetic position of Leishmania spp detected in humans, dogs, cats and hares 
in Thessaly, Central Greece was defined through phylogenetic and analysis of ITS1 for 
microsatellite repeat numbers and it is described in the fourth chapter of this thesis. 
The Leishmania sequences derived from different hosts belonged in the L. donovani 
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complex. L. infantum was identified in all the Leishmania sequences included in the 
study supporting the predominance of L.infantum circulation in different hosts in 
Thessaly, the existence of the zoonotic transmission cycle of L.infantum in the study 
area and the possible overlapping between domestic and sylvatic transmission cycles. 
Unexpectedly, one Leishmania sequence was identified as L. donovani in one feline 
sample indicating the possible L. donovani infection in a cat from the study area giving 
the impetus for further investigation.  
The last chapter concerns the occurrence of infection and/or exposure of European 
Brown hares to Bartonella spp, Brucella spp, Coxiella burnetii, and Francisella tularensis 
which are investigated during two-year hunting periods in northern and central Greece. 
Antibodies against Bartonella spp were detected in 11.4% of the examined hares while 
none of them was seropositive for Brucella spp, C. burnetii, and F. tularensis. The 
presence of Bartonella, Brucella spp, C. burnetii, and F. tularensis DNA was not detected 
in the samples examined. Ιt seems that the role of European Brown hare in the 
epidemiology of Brucella spp, C. burnetii, and F. tularensis is of minor importance in 
Greece while this species is exposed to Bartonella spp which gives the impetus for 
further investigation of its role as another host of this bacterium.  
This thesis gives insight into the role of an important game species in Greece, European 
brown hare, in the epidemiology of parasitic and bacterial pathogens of zoonotic 
potential. This species has a limited home range, being thus prone to many infectious 
diseases of natural nidality while sharing the same living space with other wild and free-
ranging animals including canids, felids and large birds of prey,  which comprise its 
natural predators and hunting grounds with domestic dogs. Its importance is further 
enhanced by cross border and long-distance movements possibly as part of live animal 
translocations, as the host of vectors and the prey of carnivores and omnivores that 
travel in great distances and get into contact with domestic animals and humans. 
Besides, its short life span makes this species an excellent indicator for recent pathogen 
transmission in the area and its intensive contact with vectors such as ticks, mosquitoes 
and sandflies has implicated hare in the epidemiology of important vector borne 
diseases such as Leishmaniasis. The continuous surveillance of hare populations could 
provide information on the population health status and the pathogens circulating in 
the area posing risk for wildlife, domestic animals and humans.    
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ΣΧΟΛΗ ΕΠΙΣΤΗΜΩΝ ΥΓΕΙΑΣ 
ΤΜΗΜΑ ΚΤΗΝΙΑΤΡΙΚΗΣ 
ΕΡΓΑΣΤΗΡΙΟ ΜΙΚΡΟΒΙΟΛΟΓΙΑΣ ΚΑΙ ΠΑΡΑΣΙΤΟΛΟΓΙΑΣ 
 
 
Ο ΡΟΛΟΣ ΤΟΥ ΚΑΦΕ ΕΥΡΩΠΑΪΚΟΥ ΛΑΓΟΥ (LEPUS EUROPAEUS) ΩΣ ΠΗΓΗ 
ΑΝΑΔΥΟΜΕΝΩΝ ΚΑΙ ΕΠΑΝΑΔΥΟΜΕΝΩΝ ΠΑΘΟΓΟΝΩΝ ΠΑΡΑΓΟΝΤΩΝ 
 
Διδακτορική Διατριβή της 




Η παρούσα διατριβή, είχε στόχο τη διερεύνηση του ρόλου του Καφέ Ευρωπαϊκού 
λαγού (Lepus europaeus), ως πηγή σημαντικών αναδυόμενων και επαναδυόμενων 
παθογόνων παραγόντων. Οι ορολογικές και μοριακές εξετάσεις που διεξήχθησαν, 
αποτέλεσαν την πρώτη διερεύνηση της παρουσίας μόλυνσης ή / και της έκθεσης του 
Καφέ Ευρωπαϊκού λαγού σε παρασιτικούς και βακτηριακούς παθογόνους παράγοντες, 
συμπεριλαμβανομένων των Toxoplasma gondii, Neospora caninum, Leishmania 
infantum, Bartonella spp, Brucella spp, Coxiella burnetii και Francisella tularensis στην 
Ελλάδα. Επιπλέον, καθορίστηκε η oικολογική θέση των οροθετικών λαγών στα 
πρωτόζωα T. gondii και L. infantum. Ο ρόλος αυτού του είδους στην επιδημιολογία της 
λεϊσμανίασης, διερευνήθηκε περαιτέρω με τη χρήση Συστημάτων Γεωγραφικών 
Πληροφοριών (ΣΓΠ) για την αναγνώριση των περιβαλλοντικών παραμέτρων, οι οποίες 
σχετίζονται με τη μόλυνση των λαγών από τα είδη του πρωτόζωου Leishmania καθώς 
και μέσω της φυλογενετικής ανάλυσης των αλληλουχιών των πρωτόζωων Leishmania 
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που ανιχνεύθηκαν σε λαγούς. Η φυλογενετική θέση των πρωτόζωων Leishmania spp 
που ανιχνεύθηκαν σε ανθρώπους, σκύλους, γάτες και λαγούς στην περιοχή της 
Θεσσαλίας, καθώς και  η πρώτη ένδειξη για την κυκλοφορία της L.donovani στην 
Ελλάδα αποτελούν επίσης μέρος αυτής της διατριβής. 
Στο πρώτο κεφάλαιο, έγινε μια ανασκόπηση των  εργαλείων που έχουν αναπτυχθεί για 
τη μοριακή διάγνωση της Λεϊσμανίασης, την ταυτοποίηση των ειδών και τη 
φυλογενετική τους ανάλυση, εργαλεία τα οποία παρουσιάζουν διαφορετική 
ευαισθησία και διακριτική ισχύ. 
Η πρώτη αναφορά της παρουσίας μόλυνσης από είδη του πρωτόζωου Leishmania στην 
Ελλάδα, γίνεται στο δεύτερο κεφάλαιο αυτής της διατριβής. Ο επιπολασμός μόλυνσης 
από πρωτόζωα Leishmania στους λαγούς βρέθηκε να είναι 23.49% στη Βόρεια Ελλάδα 
(νομοί Θεσσαλονίκης και Χαλκιδικής) από το 2007-2011. Η φυλογενετική ανάλυση, 
έδειξε ότι οι αλληλουχίες των πρωτόζωων Leishmania που ανιχνεύθηκαν σε λαγούς, 
ανήκουν στο σύμπλεγμα Leishmania donovani. Η ομολογία των αλληλουχιών των 
νουκλεοτιδίων μεταξύ των πρωτόζωων Leishmania που ανιχνεύθηκαν σε σκύλους της 
ίδιας περιοχής και αυτών που ανιχνεύθηκαν σε λαγούς ήταν 98,9%, υποδηλώνοντας 
την πιθανή αλληλεπικάλυψη του άγριου και οικόσιτου κύκλου μετάδοσης του 
πρωτόζωου Leishmania spp στην περιοχή. Δεν υπήρξαν ενδείξεις σύνδεσης των 
περιστατικών Λεϊσμανίασης σε ανθρώπους και των μολυσμένων λαγών στους νομούς 
που μελετήθηκαν. Η υπόθεση που διατυπώθηκε ήταν ότι στην περιοχή της Χαλκιδικής 
επικρατεί ο άγριος κύκλος μετάδοσης της Λεϊσμανίασης, ενώ στην περιοχή της 
Θεσσαλονίκης φαίνεται να υπάρχει αλληλεπικάλυψη του άγριου και οικόσιτου κύκλου 
μετάδοσης του πρωτόζωου Leishmania. Η βροχόπτωση αναγνωρίστηκε ως η 
περιβαλλοντική παράμετρος που επηρεάζει την παρουσία του DNA του πρωτόζωου 
Leishmania στους λαγούς, καθώς η αύξηση της βροχόπτωσης κατά μια μονάδα, 
αναμένεται να αυξήσει την πιθανότητα παρουσίας λαγών μολυσμένων με το 
πρωτόζωο Leishmania κατά 6,1%. 
Το τρίτο κεφάλαιο, αφορά στην μοριακή και ορολογική διερεύνηση για την παρουσία 
μόλυνσης ή / και έκθεσης των Καφέ Ευρωπαϊκών λαγών από τη Βόρεια και Κεντρική 
Ελλάδα, σε παρασιτικούς παθογόνους παράγοντες κατά τη διάρκεια θηρευτικών 
περιόδων δύο ετών, η οποία έδειξε ότι το 5.7%, 0.95% και 12.4% των λαγών 
αντέδρασαν θετικά στην παρουσία αντισωμάτων έναντι των T.gondii, N.caninum και 
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L.infantum. Αντίστοιχα, οι εξεταζόμενοι λαγοί ήταν μολυσμένοι με τα πρωτόζωα 
N.caninum (3,8%) και L.infantum (9,6%). Η ανάλυση με ΣΓΠ σε συνδυασμό με το 
Οικολογικό Μοντέλο Θέσης έδειξαν ότι η βροχόπτωση και οι χρήσεις γης επηρεάζουν 
σημαντικά την έκθεση του λαγού στα πρωτόζωα T.gondii και L.infantum. Επιπλέον, 
εντοπίστηκαν oι περιοχές υψηλού κινδύνου για την έκθεση του λαγού σε T.gondii και 
L.infantum και δημιουργήθηκε ένας χάρτης πρόβλεψης του κινδύνου έκθεσής τους 
στα εν λόγω πρωτόζωα για τις περιοχές της βόρειας και κεντρικής Ελλάδας. 
Η φυλογενετική θέση των πρωτόζωων Leishmania spp που ανιχνεύθηκαν σε 
ανθρώπους, σκύλους, γάτες και λαγούς στη Θεσσαλία, προσδιορίστηκε μέσω της 
φυλογενετικής ανάλυσης και της ανάλυσης της περιοχής ITS1 του γενώματος του 
πρωτόζωου Leishmania και περιγράφεται στο τέταρτο κεφάλαιο αυτής της διατριβής. 
Οι αλληλουχίες Leishmania που προήλθαν από διαφορετικούς ξενιστές βρέθηκε ότι 
ανήκουν στο σύμπλεγμα Leishmania donovani. Το είδος L. infantum εντοπίστηκε σε 
όλες τις αλληλουχίες Leishmania που συμπεριλήφθηκαν στη μελέτη, υποδεικνύοντας 
ότι αποτελεί το κυρίαρχο είδος που κυκλοφορεί σε διαφορετικούς ξενιστές στη 
Θεσσαλία. Επίσης, την ύπαρξη του ζωονοτικού κύκλου μετάδοσης της L.infantum στην 
περιοχή μελέτης και την πιθανή αλληλεπικάλυψη μεταξύ του οικόσιτου και του άγριου 
κύκλου μετάδοσης του πρωτόζωου. Απροσδόκητα, μία αλληλουχία Leishmania 
ταυτοποιήθηκε ως L. donovani σε ένα δείγμα γάτας, υποδεικνύοντας την πιθανή 
παρουσία μόλυνσης από L. donovani, σε μια γάτα στην περιοχή της μελέτης, δίνοντας 
το έναυσμα για περαιτέρω διερεύνηση. 
Το τελευταίο κεφάλαιο ,αφορά στην εμφάνιση μόλυνσης ή / και έκθεσης του Καφέ 
Ευρωπαϊκού λαγού, σε βακτηριακούς παθογόνους παράγοντες 
συμπεριλαμβανομένων των Bartonella spp, Brucella spp, Coxiella burnetii και 
Francisella tularensis. Η διερεύνηση που πραγματοποιήθηκε κατά τη διάρκεια 
θηρευτικών περιόδων δύο ετών, στη βόρεια και κεντρική Ελλάδα. Αντισώματα κατά 
της Bartonella spp ανιχνεύθηκαν στο 11,4% των εξεταζόμενων λαγών, ενώ κανένα 
δείγμα δεν βρέθηκε οροθετικό για τα βακτήρια Brucella spp, C. burnetii και F. 
tularensis. Η παρουσία του DNA των βακτηρίων Bartonella spp, Brucella spp, C. burnetii 
και F. tularensis δεν ανιχνεύθηκε στα δείγματα που εξετάστηκαν. Φαίνεται ότι ο ρόλος 
του Καφέ Ευρωπαϊκού λαγού ,στην επιδημιολογία των παθογόνων μικροοργανισμών 
Brucella spp, C. burnetii και F. tularensis είναι ελάχιστης σημασίας στην Ελλάδα ενώ το 
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γεγονός ότι το είδος αυτό, βρέθηκε να έχει εκτεθεί στη Bartonella spp αξίζει περαιτέρω 
διερεύνηση για την αναγνώριση του ρόλου του ως εναλλακτικού ξενιστή αυτού του 
βακτηρίου.  
Η παρούσα διατριβή, παρέχει μια εικόνα για το ρόλο ενός σημαντικού είδους 
θηραμάτων στην Ελλάδα, του Καφέ ευρωπαϊκού λαγού, στην επιδημιολογία 
παρασιτικών και βακτηριακών ζωονοτικών παθογόνων παραγόντων. Το είδος αυτό 
έχει περιορισμένη περιοχή ενδημίας, είναι επομένως επιρρεπές σε παθογόνους 
παράγοντες που υπάρχουν στο φυσικό του περιβάλλον. Ωστόσο, μοιράζεται τον ίδιο 
χώρο διαβίωσης με άλλα άγρια και ελεύθερης εκτροφής ζώα, συμπεριλαμβανομένων 
των κυνοειδών, των αιλουροειδών και των μεγάλων αρπακτικών πτηνών, που 
αποτελούν τους φυσικούς του θηρευτές καθώς επίσης και με τους κυνηγετικούς 
σκύλους. Η σπουδαιότητά του, ενισχύεται περαιτέρω, λόγω των μετακινήσεων ζώντων 
ζώων τόσο σε διασυνοριακό επίπεδο όσο και σε μεγάλες αποστάσεις, καθώς επίσης 
και λόγω του ότι αποτελεί ξενιστή διαβιβαστών και θήραμα πολλών σαρκοφάγων και 
παμφάγων, τα οποία  μετακινούνται καλύπτοντας  εκτεταμένες αποστάσεις και 
έρχονται σε επαφή με τα κατοικίδια ζώα και τον άνθρωπο. Εξάλλου, η σύντομη 
διάρκεια ζωής του, καθιστά αυτό το είδος, έναν εξαιρετικό δείκτη για την πρόσφατη 
μετάδοση παθογόνων παραγόντων στην περιοχή. Η εντατική επαφή του, με 
διαβιβαστές όπως κρότωνες, κουνούπια και σκνίπες, έχει εμπλέξει τους λαγούς στην 
επιδημιολογία σημαντικών νοσημάτων που προκαλούνται από διαβιβαστές όπως η 
Λεϊσμανίαση. Η συνεχής επιτήρηση των πληθυσμών των λαγών, θα μπορούσε να 
παρέχει πληροφορίες σχετικά με την κατάσταση της υγείας του πληθυσμού του λαγού, 
καθώς και τους παθογόνους παράγοντες που κυκλοφορούν στην περιοχή διαβίωσής 
του. Παθογόνοι παράγοντες, οι οποίοι συνιστούν  κίνδυνο για την άγρια πανίδα, τα 
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